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Foreword

Given the increasingly important role of spectroscopic ellipsometry (SE) as a
real-time, non-perturbing, monitoring, and characterization tool in numerous
technological and biomedical applications, the editors, authors, and Springer are
commended for publishing the 2nd edition of this monograph, which is dedicated to
significant applications of SE to functional organic surfaces and thin films. Retained
topics from the first edition cover the adsorption of biomolecules at liquid–solid
interfaces, smart polymer surfaces and thin films for sensor applications, charac-
terization of nanoparticles and nanostructured surfaces and thin films, thin-film
organic semiconductors for photovoltaics and light emitters, and recent develop-
ments of SE instrumentation and related techniques over an extended optical
bandwidth.

New topics that appear in the 2nd edition include SE studies of bonding of
biomolecules on self-assembled monolayers, structure and interactions of hydrated
polymer thin films, ellipsometry of solvent-induced swelling at soft polymer
interfaces, optical properties of anisotropic thin films of organic dye aggregates,
relationship between morphology and optical properties of conjugated polymers,
and polarons in conducting polymers.

This updated monograph is a welcome contribution to the expanding ellip-
sometry literature.

New Orleans, USA R. M. A. Azzam
University of New Orleans
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Introduction to Book Contents

For more than a century, ellipsometry has been utilized by physicists as a nonde-
structive, absolute, and thin-film-sensitive optical method to determine index of
refraction and absorption of solid materials (metals, semiconductors, and oxides).
Over the last few decades, user-friendly ready-to-use ellipsometers with
application-related accessories have been developed spanning the far-infrared to
ultraviolet spectral range. Continuing advances in experimental ellipsometric tech-
niques and theory have enabled researchers to tackle challenges in modern material
science such as characterization of superconductors and metamaterials, rough and
nanostructured surfaces, complex hybrid films, and plasmonic and magneto-optic
samples. [1–3] Nevertheless, if one were to ask a chemist or biologist working with
organic surfaces and thin films “What is ellipsometry?”, the answer will often be, “It
is a nice method to quickly and easily measure film thickness”. However, although
the technique is considered highly accurate, beyond thickness determination it is
often viewed as somewhat exotic and difficult to understand.

This book intends to bridge this gap and aims to overcome certain prejudices
(“ellipsometry is a black box…”). It presents ellipsometry to scientists as a versatile
method for chemical, biological, and material science applications dealing with
small and large organic molecules on surfaces. Prime examples are the study of
synthetic polymers with different architectures and functionalities, as well as bio-
molecules. The analysis of functional surfaces often requires new methods to apply
ellipsometry for quantitative, nondestructive, label-free, and contact-less charac-
terization. Most of the authors of this book, as well as we the editors, have been
active in the application and development of ellipsometry for many years and were
interested in applying ellipsometry to studies of functional organic films. The close
cooperation in an interdisciplinary field between chemistry, physics, material sci-
ences, and biotechnology was necessary to tackle such analysis. Nevertheless, it is
important to emphasize that there is a broad still developing field of analysis and
ellipsometric methods for better understanding of complex and structured samples
and materials. In particular, when the probing wavelengths are in the range of
structure dimensions, the measured spectra cannot be sufficiently understood within
homogeneous layer optical models. For such cases, in particular, promising
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attempts have been made in combination with numerical simulations (as e.g., rigid
coupled wave analysis and finite-element calculations) but also scatterometric as
well as Mueller Matrix ellipsometry measurements. Beside these approaches in
general, the structural and anisotropic properties over several length scales down to
the µm and nm range are of high relevance for thin films and surfaces in many
sensoric, opto-electronic, and biomedical applications. With respect to laterally
higher resolved measurements, recent methodical developments for ellipsometric-
and polarization-dependent measurements in the infrared spectral range are
addressing to involve tunable lasers, microfluidic, and near-field measurement
concepts.

Of course, a zoo of modern microscopic, spectroscopic, and also physical–
chemical methods are known and widely applied for the characterization of organic
surfaces and thin films. They play an important role in the “daily life” of the
material scientist, for example, XPS, SIMS, AFM, SEM, X-ray and neutron
reflection, photoluminescence, fluorescence, FTIR- and Raman spectroscopy, mass
spectrometry, inverse GC, contact angle and zetapotential measurements, and many
more. Cooperatively applied ellipsometry can determine thicknesses and comple-
menting anisotropic optical and structural properties in a noncontact and nonde-
structive manner in various environments. The different chapters of this book
demonstrate the possibilities, advantages, and problems of application of (mainly
spectroscopic) ellipsometry. In comparison to many other methods, ellipsometry as
an optical technique is relatively easy to do under normal lab conditions. Using
special cells, temperature-dependent in situ experiments in vacuum, gaseous, and
liquid ambient are possible. A sometimes more challenging task is the evaluation
of the experimental (optical) data to obtain the desired physical and chemical
information on the films and surfaces.

In 24 chapters grouped in seven parts, worldwide recognized experts from uni-
versities and research institutes give examples and actual results in studies applying
ellipsometry to different aspects of functional organic surfaces and thin films.

The first edition of this book having 18 chapters was published as print book and
eBook in 2014. It was very successful in the community, e.g., it was one of the
top 25% most downloaded eBooks in the relevant SpringerLink Collection. So,
we decided in agreement with Springer to publish a revised and extended second
edition.

Therefore, we present in the second edition beside some chapters in their original
form a lot of updated, improved chapters as well as complete new ones:

As theoretical introduction, C. Cobet gives an overview about the ellipsometric
method, including history, basics and principles, experimental techniques, and
optical models for data evaluation.

The experimental examples begin with “Biomolecules at surfaces”. H. Arwin
shows why ellipsometry is an excellent tool to study many aspects of protein
adsorption at solid surfaces. DNA structures on silicon and diamond are the focus
of the special chapter by S. D. Pop and colleagues.

M. Canepa et al. demonstrated recently that spectroscopic ellipsometry in
combination with AFM nanolithography is able to characterize ultrathin
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self-assembled monolayers and their interaction with biomolecules on surfaces.
Analyzing the difference spectra, they describe an in situ hybridization process.

“Smart polymer surfaces and films” are actual materials of interest for appli-
cations as organic sensors, actuators, or bioactive/bioinert surfaces. The glass
transition in thin polymer films remains a controversial topic; however, M. Erber
et al. demonstrate that it may be studied very comfortably by spectroscopic ellip-
sometry (SE). This chapter is complemented now with a new method for a more
precise ellipsometric determination of Tg developed by E. and L. Bittrich.

In situ ellipsometry is necessary to study polymer brushes, hydrogels, and
polyelectrolyte multilayers—typical stimuli-responsive systems. E. Bittrich et al.
give an overview of recent results of smart polymers and the protein adsorption at
these soft organic surfaces. In the actual chapter also, enzymes are included. During
the last years, in situ Infrared spectroscopic ellipsometry (IR-SE) comes more and
more into play to characterize molecular and supermolecular changes at solid–
liquid or solid–gaseous interfaces. A. Furchner shows impressively that in situ
IR-SE can provide a lot of information on the structure and interactions in hydrated
polymer films with focus on new data on hydrogen-bonding phenomena. The
second new contribution in the polymer topic is given by W. Ogieglo. He reviews
the important recent developments in the application of ellipsometry in industrial
membrane-related studies. Sorption, transport, and penetrant-induced phenomena in
membrane-relevant thin films exposed to organic solvents or high-pressure gases
are discussed.

In the first chapter of the Part “Nanostructured Surfaces and Organic/inorganic
Hybrids”, T. Oates demonstrates how systems consisting of nanoparticles and
polymers or self-assembled monolayers can be characterized by appropriate ellip-
sometric methods. In the second part, complicated nanostructured (sculptured) thin
films with high anisotropy are presented by K. B. Rodenhausen et al. These highly
ordered three-dimensional structures and, moreover, organic attachment onto such
surfaces may be characterized by advanced ellipsometric techniques. Similar
techniques are necessary to describe polarizing natural nanostructures (e.g., surfaces
of beetles) as shown in the last updated part by K. Järrendahl and H. Arwin.

“Thin films of organic semiconductors” play an outstanding role in organic
electronics and the development of OPV, OLED, and OTFT. Optical properties
from UV to IR range, morphology, and molecular orientation may be excellently
characterized by spectroscopic ellipsometry. Large molecules as important poly-
mers, blends, and composites are the focus of the report of S. Logothetidis from
Thessaloniki, whereas O. Gordan and D. R. T. Zahn describe ellipsometric mea-
surements on films of small organic molecules. In a new chapter by K. Roodenko
and P. Thissen, details on thin films formed by organic dye aggregates are given.
They present data on the optical properties obtained by Vis ellipsometry and
polarized infrared spectroscopy. New as well is the chapter of M. I. Alonso and
M. Campoy-Quiles on conjugated polymers. They discuss the relationship between
the morphology and optical properties of these polymers and their blends with
fullerenes. The last contribution in this topic given by C. Cobet et al. is concerned
with polarons in conducting polymers. The authors use spectroscopic ellipsometry
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and ATR-IR to study the formation of polarons in chemically and electrochemically
doped polymers.

“Developments in Ellipsometric Real-time/in situ Monitoring Techniques” are
presented in Part V. A main point here is, again, the solid–liquid interface. It is
possible to study the behavior of organic surfaces and thin films in their natural and
also (artificial) liquid environment. R. P. Richter et al. show the power of coupled
complementary methods, namely QCM-D with spectroscopic ellipsometry (SE).
Total Internal Reflection Ellipsometry (TIRE) and SPR-enhanced SE are introduced
by H. Arwin as emerging techniques with very high sensitivity and precision for
studying adsorption processes. The combination of SE in the mid-infrared spectral
range and electrochemistry provides fascinating insights into the chemistry of thin
organic films as described by J. Rappich et al. Current results on IR-SE investigation
of the maleimidobenzene modified Si surfaces are included now. And last but not
least, it is possible to use SE for the inline quality control of organic thin-film
fabrication on rigid and flexible substrates. In their part of Chap. 19, S. Logothetidis
and A. Laskarakis give an overview on the state-of-the-art in this field.

Infrared ellipsometry (IR-SE) but also other surface-sensitive FTIR spectro-
scopic methods for the characterization of thin organic films are reviewed by
K. Roodenko et al. in Chap. 21. Their focus is on the evaluation of molecular
structure and orientation.

Using the brilliant infrared light from a synchrotron, source makes it possible to
perform far-field micro-ellipsometric studies with good lateral resolution. In
Chap. 22, M. Gensch presents the technical background and interesting applications
and outlook.

This book is of great interest to anyone who would like to use spectroscopic
ellipsometry to study thin organic films of polymers or small molecules to have an
idea on their material optical constants. Thus, the last chapter of the book provides
support in this direction: D. Aulich and A. Furchner present a collection of optical
constants of organic thin-film materials. Such optical constants are an excellent
starting point in the interpretation and optical modeling of spectra of related
materials; however, they may vary in details for the specific case.

Karsten Hinrichs
Klaus-Jochen Eichhorn
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Chapter 1
Ellipsometry: A Survey of Concept

Christoph Cobet

Abstract Already the first attempts by Paul Drude in the late 19th century demon-
strate the abilities of optical polarimetric methods to determine dielectric properties
of thin layers. Meanwhile ellipsometry is a well-established method for thin film
analysis. It provides material parameters like n and k even for arbitrary anisotropic
layers, film thicknesses in the range down to a few Ångström, and ellipsometry is
used to analyze the shape of nm-scale surface structures. But, the determination of
such manifold information by means of light polarization changing upon reflection
at a sample surface requires appropriate optical models. This introductory chapter
will provide a general overview and explanation of theoretical and experimental
concepts and their limitations. It will introduce the very basic data evaluation steps
in a comprehensive manner and will highlight the principal requirements for the
characterization of functional organic surfaces and films.

1.1 Classification

Ellipsometry and other types of polarimetry are well known optical methods which
are used since more then 100 years for analytic purposes. Here, the term ellipsometry
is certainly linked to the polarization sensitive optical investigation of planar solid
state structures (metals, semiconductors) with polarized light. Optical methods in
general benefit from the fact that they are usually non destructive and applicable in
various environments. The object under investigation can be stored in vacuum, gas,
liquid, and even in solid ambiances as long as the surrounding material is transparent
within the spectral range of interest. By taking advantage of the polarizability of
light, it is possible to measure for example thin film properties like the refractive
index and the thickness with very high accuracy and without the need of a reference.
Because of these abilities ellipsometry is meanwhile a very popular method used

C. Cobet (B)
Center for Surface- and Nanoanalytics, Johannes Kepler
Universität Linz, Altenbergerstrasse 69, 4040 Linz, Austria
e-mail: christoph.cobet@jku.at

© Springer International Publishing AG, part of Springer Nature 2018
K. Hinrichs and K.-J. Eichhorn (eds.), Ellipsometry of Functional
Organic Surfaces and Films, Springer Series in Surface Sciences 52,
https://doi.org/10.1007/978-3-319-75895-4_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75895-4_1&domain=pdf


2 C. Cobet

in many different application fields. Accordingly, a couple of books, book chapters,
and review articles provide already comprehensive information about the method
ellipsometry itself and the physical/mathematical background especially for thin
film applications [1–7]. Therefore, it is not the intention to repeat here once again all
technical details. We would rather like to provide in this chapter an overview about
relevant aspectswhich are needed to empathize the analytical possibilities concerning
functional organic surfaces and films. Furthermore, we will address limitations of
the method and the underlying physical models.

The common concept behind themethods ellipsometry and polarimetry rests upon
the analysis of a polarization change of light which is interacting with the object of
interest. Here, we follow one of the definitions given by Azzam [8] in 1976 which
was discussed in connection to the 3rd International Conference on Ellipsometry.
Accordingly “An ellipsometer (polarimeter) is any instrument inwhich aTE-EMW—
transverse electric electromagneticwave—generated by a suitable source is polarized
in a known state, interacts with a sample under investigation, and the ellipse (the state
of polarization) of the radiation leaving the sample is analyzed”. This concept implies
that both the polarization state of the light before and after interactionwith the sample
can be modified or determined (Fig. 1.1). Investigations for example of atmospheric
and extraterrestrial phenomena where the polarization properties of the light source
itself are analyzed or where the light polarization before interacting with the object
of interest is not accessible are not considered in this definition [9]. Furthermore,
only linear optical effects are considered and phenomena, where the light frequency
is changed like in Raman scattering, second harmonic generation and sum frequency
processes, are excluded.

With the definition above, ellipsometry can be used to analyze reflected, trans-
mitted, scattered, and diffracted light (Fig. 1.2). Ellipsometric transmission measure-
ments are so far preferentially used to analyze birefringence, optical activity, circular
birefringence, and in case of a small absorption also circular dichroism. In this book
the discussion is focused on the analysis of organic surfaces and stratified films in
reflection typemeasurements. Thus, the sample is illuminated under an oblique angle
of incidence and the specular reflection is analyzed (Fig. 1.2a). Accordingly, all pre-
sented theoretical models assume that the analysis takes place in the optical far field
where the approximation of plane waves is reasonable i.e. the distance between ana-
lyzer/detector and the sample has to be much larger than the wavelength and possible
lateral inhomogeneities of the sample.

PSG PSASample

Light Source Detector

Fig. 1.1 Principle concept of ellipsometric and polarimetric techniques. The Polarization State
Generator (PSG) and Polarization State Analyzer (PSA) may consist of a polarizer or a combination
of a polarizer and retardation component
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(a)

(c) (d)

(b)

Fig. 1.2 Fundamental interaction of incident light on different samples under an angle ϕi : a reflec-
tion, b transmission, c scattering, and d diffraction. All introduced ellipsometric problems are
reflection measurements (red dashed box)

The applied optical models assume furthermore monochromatic or quasi-
monochromatic electromagnetic waves which are reflected at the sample by retaining
total polarization of the incident light. The electromagnetic wave before and after
reflection is completely defined by an unique elliptical polarization state which gives
the method the name “ellipsometry”.

The term “polarimetry”, in contrast, is usually used in a more general context
including the analysis of non-specular reflected or scattered light from inhomoge-
neous samples or surfaces (Fig. 1.2b–d). In this context polarimetry is often used as a
contact free method in order to determine morphology aspects [10]. Strongly related
to scattering processes is a partial depolarization of the light. As wewill discuss later,
this requires extended optical models. A strict delimitation between ellipsometry and
polarimetry, however, is neither possible nor helpful. In reality both terms are used
with much overlap and a number of specific approaches are used by related proper
names (Sect. 1.5.6).

Bearing in mind that the fundamental electromagnetic theory remains the same
for all different regions of the spectrum, it is also not surprising that methods like
polarimetry and ellipsometry are applied in much the same way from the region of
radio frequencies over the infrared, visible and ultra violet to the X-/γ -ray spectral
range. But due to experimental peculiarities, the knowledge transfer between the
communities is unfortunately low. This book will bridge in parts this spacings by
including all sections of the “optical” spectral range which includes here the infrared,
the visible, and the ultraviolet wavelength/frequency range. Nevertheless, it could be
particularly beneficial to consider also applications in the radio, radar, andmicrowave
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region. Related to the longer wavelength, the determination of structural and mor-
phological properties in this range is historically stronger in the focus. Respective
theoretical models for the data processing are therefore rather sophisticated and can
be adapted for the optical spectral range [9, 11].

1.2 Historical Context

In a historical review the first observations of the polarization properties of light is
directly linked to the discovery that light changes its polarization state after reflec-
tion on, for example, glass windows of buildings and is associated with names like
Etienne-Louis Malus, David Brewster, and Augustin-Jean Fresnel. In the 1800s the
polarization change of reflected light was used in a couple of works to study the opti-
cal properties of metals. A first description of elliptically polarized light attributes to
Jamin [12–14]. He has observed this polarization after reflection of linearly polarized
light on metal surfaces which were decorated with transparent overlayers. It turned
out, that the elliptical polarization is the most arbitrary polarization state whose con-
stituting parameters have to be determined when planar homogeneous layers are
investigated.1 For this reason, the name “ellipsometry” was established by Rothen
[15] almost 100 years later in 1945 for such kind of measurements. However, a first
comprehensive description of the method as a technique to study the optical prop-
erties of thin films was given already by Paul Drude in the late 19th century. He
was measuring the optical properties of metals under consideration of unintentional
and intentional overlayers. Furthermore, he could model the measured polarization
changes by an extension/modification of Fresnel’s equation, which are originally
made for the reflection of light on a single planar interfaces, to the problem of two
stacked interfaces [16–18]. With this approach it was possible to determine bulk and
film dielectric properties as well as film thicknesses.

70 years later these analytical potentials attract a lot of attention in connection
with the invention and development of semiconductor electronics. The investigation
of SiO2 films on Si is probably one of the best examples for the abilities of themethod
until now. On the other hand, the progress in semiconductor electronics considerably
accelerates the development of computers and the automation possibilities. With the
help of microprocessors it was now possible to build automatic spectroscopic ellip-
someters (SE) which made the method much more attractive for a wider community.
Large steps forward in development and improvement are associated to the work of
Aspnes [19]. This progress also lead to more advanced applications and setups with
an appropriate spectral range and a reasonable resolution. In the following different
angles of incidence or different polarization states of the incident light were used in
order to extract more accurate information from rather complex samples. Meanwhile
multi-layer structures, all kinds of optical anisotropy,magneto-optical effects, aswell
as 3D inhomogeneous structures are accessible. But the final breakthrough for the

1Possible contributions of unpolarized light are ignored here.
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method is definitely linked to the availability of easy-to-use analysis software pack-
ages. Hence, it became possible to extract useful information even for complicated
sample structures with moderate efforts. In this context it is also apparent why the
optical characterization of organic films, which are often anisotropic and inhomoge-
neous, was mostly restricted to reflection and transmission measurements for a long
time. The wide spread developments in the recent years are documented for example
in the proceedings of the conference series “International Conferences on Spectro-
scopic Ellipsometry” [20–24]. Concerning the newer developments we would also
refer to a number of publications which provide further details [8, 25–29].

1.3 Measurement Principles

1.3.1 Data Recording and Evaluation Steps

As it was mentioned, ellipsometry in principal determines polarization changes upon
interaction with a sample. Subsequently it is possible to extract, for instance, layer
thicknesses or dielectric properties in a “reference free” manner. Thus, two major
data evaluation steps are needed in ellipsometry in order to receive information about
the sample (Fig. 1.3). In parts they depend on each other. Nevertheless it is helpful
to divide the problem in such basic steps and it seems worthwhile to discuss these
steps briefly to obtain a general understanding of the method.

All kinds of ellipsometers are primary measuring intensities with light sensitive
detectors. These intensities have to be related in the first evaluation step to the polar-
ization change induced by the sample (left hand part of Fig. 1.1). Therefore, each
ellipsometer is recording the intensity with different incident light polarizations or
analyzer orientations in order to obtain relative intensities. With an appropriate set

1 2

Fig. 1.3 Basic data evaluation steps in an ellipsometric measurement. The left hand side of the
flow chart depicts the determination of the polarizing properties of the sample which are repre-
sented e.g. by the ellipsometric angles Ψ and � or in more general by polarization transformation
coefficients (PTC). In the right hand part these polarization parameters are translated in physical
sample parameters with the help of a qualitative sample model
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of such arrangements one can deduce out of it, how the sample under investigation
changes an arbitrary polarization of the incident light. It is evident that a respective
theoretical formalism is needed which translates the detector signals to the polar-
ization properties of the sample. As it will be discussed later, the probability of the
sample to change the polarization of monochromatic light can be described for an
isotropic sample, if no depolarization takes place, by two parameters. Quite often
the so-called ellipsometric angles Ψ and � are used. In case of anisotropic struc-
tures up to 6 parameters are needed. According to reference [8] these parameters
are denoted here as “polarization transformation coefficients” (PTC). If depolariza-
tion effects are apparent, the number of parameters increases even further. For the
moment it is important to note that the PTC’s depend on the angle of incidence, the
wavelength, and probably on the sample orientation, too.

A very common and simple ellipsometer is the so-called rotating analyzer ellip-
someter. It’s principle arrangement and the signal recorded at the detector by rotating
the analyzer is shown in Fig. 1.4 (q.v. Sect. 1.5). With at least three different analyzer
positions it is possible to assign the sinusoidal dependence of the intensity as a
function of the rotation angle α by means of the two sin(2α) and cos(2α) Fourier-
coefficients s2 and c2, respectively. With the later briefly explained mathematical
formalism it is possible to calculate Ψ and � of an isotropic non-depolarizing sam-
ple according to

tanΨ =
√
1 + c2
1 − c2

, cos� = s2√
1 − c22

. (1.1)

In a second step the information about the polarization change by the sample
(the PTC’s or Ψ and �) should be translated in to intrinsic sample properties which
are not anymore related to a certain measurement configuration (right hand part in
Fig. 1.3). Such intrinsic sample properties are, for instance, layer dielectric functions,
layer thicknesses, or volume fractions in inhomogeneous media.

In order to calculate intrinsic properties from the PTC’s again, an adequate the-
oretical description is required. This means that the reflection process depicted in

Fig. 1.4 Principles of a rotating analyzer ellipsometer. Here, the polarizer is fixed with the trans-
mission axis tilted by 45◦ with respect to the plane of incidence. The intensity signal recorded at the
detector for a certain wavelength by rotating the analyzer is of a sinusoidal form with a periodicity
of 2α
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Fig. 1.2a has to be specified in more detail. In the very simple and ideal case of a
planar abrupt surface of a infinitely thick isotropic sample this connection is given by
the well known Fresnel equation. The hereby defined reflection coefficients rp and rs
for light polarizations parallel and perpendicular to the plane of incidence determine
the ellipsometric angles Ψ and �:

rp
rs

= tanΨ ei�. (1.2)

Light reflection from the backside of the sample is neglected in this model. For strat-
ified anisotropic media optical layer models are used in order to calculate the respec-
tive PTC’s for a given sample structure. In many cases, it is nevertheless possible to
define generalized Fresnel equations. The sample parameters are usually obtained by
a fit routine comparing the measured PTC’s with respective PTC’s calculated from
the applied optical model.

At this point it is already obvious that the number of parameters which can be
deduced is limited. By measuring Ψ and � in a single wavelength measurement
at one angle of incidence and sample orientation, ellipsometry can provide two
intrinsic sample parameters. Therefore, it has to be ensured that there is a reasonable
sensibility to the parameter of interest. In highly absorbing materials it can happen
for instance that the penetration depth of light is so small that the electric field in the
layer of interest is already damped too strongly. In anisotropic samples the special
case might occur in which the electric field vector of the refracted light inside the
sample is almost perpendicular to the optical axis of interest. In both examples the
sensibility could be low. By using commercially available fit routines, such problems
can be tested by means of the so-called standard error. Finally, it has to be ensured
that the parameters of interest are not coupled to each other which happens if both
of them change the polarization properties of the sample in the same manner. For
example, it is sometimes difficult to measure a layer thickness and it’s refractive
index independently from each other. In a numerical fit, the parameter coupling can
be tested by means of the covariance matrix of the standard errors.

The discussion of restrictions in the second evaluation step should emphasize that
qualitative information about the sample structure are essential in order to obtain good
quantitative results. Indications for deficiencies in the assumed sample structure are
for example unexpected interference signatures or an inconsistent dispersion of a
deduced dielectric function.

The simple scheme of Fig. 1.3 does not include the important and sometimes
demanding step of the definition of appropriate measurement geometries (angle of
incidence, sample orientation, etc.) in order to achieve the best possible sensitivity
to the sample parameters of interest. It is often not worthwhile to measure just in
all possible configurations (e.g. in the whole accessible angle of incidence range).
Configurations with low sensitivity to the parameter of interest (e.g. very high or
low angles of incidence) may just increase the error in the final result. Appropriate
configuration can be chosen by some simple preliminary considerations. If necessary,
these can be subsequently modified in an iterative procedure. Thin films are usually
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1

2

Fig. 1.5 Extended scheme of the data evaluation in an ellipsometric measurement. The two major
calculation steps, which can be found already in the simplified representation of Fig. 1.3 are labeled
1 and 2

best measured at incidence angles near the Brewster angle of the respective substrate
material. In some cases it is more efficient to calculate the best configuration in a
preliminary simulation.

Since all other evaluation steps are based on the chosen measurement configura-
tions a final flow chart of an ellipsometric measurement may appear rather compli-
cated (Fig. 1.5). In this resulting scheme the significance of an appropriate optical
model becomes again evident. It is important to remember that ellipsometry is ini-
tially reference free measuring how a sample changes the polarization of an incident
light beam.All subsequently derived parameters depend on the best possible assump-
tion of the sample structure and the validity of the applied optical models. Following
Eugene A. Irene, who has brought this into phrase, this means in turn that if the
information about the sample structure is insufficient: “Ellipsometry is perhaps the
most surface sensitive technique in the universe. However you often don’t knowwhat
it is you have measured so sensitively”.

1.3.2 Determination of Ψ and �

The determination of Ψ and � or the more generalized PTC’s of a sample requires
some mathematical tools (calculation step 1 in Figs. 1.3 and 1.5). First of all a
suitable description of polarized light is needed. Furthermore, all optical components
including the sample under investigation have to be represented according to their
ability to change the state of polarization. These theoretical tools can be finally used to
calculate relative intensities which are measured at a detector or, in turn, to determine
the PTC’s of the sample from the measured intensities.
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1.3.2.1 Polarized Light

To simplify the problemasmuch as possible, assumptions concerning the propagation
of light between optical components and the sample are necessary.

• Since linear optical effects are investigated each wavelength λ is addressed sepa-
rately in a quasi-monochromatic approximation.

• The distances between the optical components are much larger than the wave-
length and the coherence length of the light. We can assume planar transversal
electromagnetic (TEM) waves propagating only in forward direction from the
light source to the detector. In other words, all optical components interact inde-
pendently, one after another, with the light and interferences between them are
avoided. This assumption has to be critical reviewed, e.g. for laser light sources
where the coherence length is much larger than for conventional light sources and
in near field experiments.

• The surrounding medium is assumed isotropic and homogeneous (air, vacuum,
water, etc.). Thereby the polarization state does not depend on the propagation
direction and can be separately considered.

• The magnetic susceptibility is constantly one in all optical experiments and the
polarization of light is fully described by the electric fields.

For the mathematical description of a polarization one can choose without further
loss of generality a Cartesian coordinate system so that the light propagates along
the positive direction of the z-axis. A common description of an arbitrarily planar
monochromatic TEM wave is then given by

Ex = E0x exp
[
i(kz − ωt)

]
exp[iδx ],

Ey = E0y exp
[
i(kz − ωt)

]
exp[iδy].

(1.3)

Equation (1.3) represents the general case of an elliptical polarization as illustrated
in Fig. 1.6. The wave vector k = 2π/λ and the angular frequency ω = 2πν are con-
nected by the known dispersion relation for TEM waves in transparent media. The
orientation of the two perpendicular basis vectors in x- and y-direction is free of
choice for the moment. The amplitudes E0x and E0y together with the phases δx and
δy for the x and y component, respectively, define the polarization of the light. This
set of information can be merged in a so-called Jones vector [30]:

ĒJones =
(
E0x exp[iδx ]
E0y exp[iδy]

)
. (1.4)

However, the absolute phase is not measurable and the absolute intensity (I ∼
E2
0x + E2

0y) is an arbitrary value which is not of interest in an ellipsometric measure-
ment. The polarization state is therefore already fully defined by only two param-
eters: The relative amplitude tanΨ ′ = E0x/E0y and phase �′ = δx − δy of the x
and y component. Sometimes these two parameters are combined in a single com-
plex number χ = 1/ tanΨ ′ exp[i�′]. Another alternative representation refers to the
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Fig. 1.6 Elliptically polarized light and the projected polarization ellipse. Mathematically the
polarization state is defined by three equivalent parameter sets [Ψ ′/�′—amplitude quotient and
phase difference], [ϑ /γ—azimuth angle and ellipticity], and χ = 1/ tanΨ exp[i�]

ellipse, which yields from a projection of the electric field vector to the x–y-plane.
The respective parameter pair is given by the azimuth angle ϑ between the main axis
of the ellipse and the x-axis and the ellipticity γ (Fig. 1.6). Please note that the param-
eters Ψ ′ and �′, which define here the polarization state of light, are in general not
identical with the previously definedΨ and� values, which describe how the sample
changes the polarization. Only in the special historically important case, where the
incident light is chosen 45◦ linearly polarized with respect to the plane of incidence,
both parameter sets match. Commercially available ellipsometers determine Ψ and
� independent from the selected incident polarization.

So far, all representations of the polarization are only applicable for totally polar-
ized light. Hence, they represent 100% linear, circular or elliptically polarized light
and the constituting parameter pairs are of a well defined value. Unfortunately, this
is sometimes not sufficient and it is necessary to consider also partial polarizations.
Possible sources of partial polarized light are

• non ideal polarizers,
• lateral inhomogeneous samples (e.g. rough surfaces/interfaces or inhomogeneous
film thickness),

• a divergent light beam (e.g. a short focal distance results in an uncertain angle of
incidence),

• an insufficient spectral resolution and broad spectral line width, respectively.

Independent from the inbound polarization and the source of depolarization, par-
tial polarization means that the well defined polarization is replaced by a statistical
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mixture of different polarization states. In this view the components of the Jones vec-
tor are now time dependent and polarization is measurable just as a time-average. A
proper description of the partially polarized light requires therefore a third parameter
which for example characterizes the probabilityw to find a certain polarization state.
Related to the fact that effective intensities (time-averaged fields) are finally mea-
sured, the three constituting parameters are often expressed in terms of intensities.
Complemented by the total intensity they form the 4 Stokes parameters [31]:

S0 = I,

S1 = Ix − Iy,

S2 = I+π/4 − I−π/4,

S3 = Il − Ir .

(1.5)

The first Stokes parameter contains simply the total intensity I of the light. Ix , Iy ,
I+π/4, and I−π/4 are the intensities, whichwould pass through an ideal linear polarizer
oriented with the transmission axis in x , y, +π/4, and −π/4 direction, respectively.
Il and Ir are the intensities, which would pass through ideal left and right circular
polarizers. The total intensity resumes to I = Ix + Iy = I+π/4 + I−π/4 = Il + Ir . In
case of totally polarized light S20 = S21 + S22 + S23 , while for partially or unpolarized
light S20 ≥ S21 + S22 + S23 . The degree of polarization is finally defined by:

P =
√

S21 + S22 + S23
S20

= 2w − 1. (1.6)

For more comprehensive descriptions of the different representations of polarized
light and the relation among these representations we would refer at this point to
respective literature about fundamental optics and ellipsometry [2, 4, 9, 32, 33].
Because of similarities in operational concepts to quantum physics, the theory of
polarized light is furthermore discussed in a number of rather theoretical publications
[11, 32, 34, 35]. An alternative description of partial polarized light by means of
coherency-matrices is described for example in references [2, 36].

1.3.2.2 Jones and Mueller Matrix Methods

The matrix methods of Jones [30] and Mueller [37–40] are by far the most popular
methods in order to describe the linear optical effects of polarizing optical elements.
The Jones formalism is based on complex 2 × 2 matrices which are applied to the
Jones vector as defined in the previous section. The Mueller matrix formalism uses
4 × 4matriceswith real elementswhich are applied to theStokes parameters arranged
now in a column vector S̄ = (S0, S1, S2, S3). The impact of a polarizing element can
thus be written as
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(1.7)

The complex 2 × 2 Jones matrix contains 8 parameters including the absolute
phase which is not measurable. If the absolute phase and additionally the absolute
intensity, which is also not if interest in ellipsometric measurements are ignored,
the Jones matrix contains 6 relevant parameters that define the ability to change
the polarization. All optical components and any arbitrarily anisotropic samples can
be represented by means of these 6 parameters in a Jones matrix as long as no
depolarization takes place.

The 16 coefficients of the Mueller matrix contain information about intensities
passing through polarizing elements. This includes information about the absolute
intensity. Accordingly, the Mueller matrix contains 7 independent parameters, if
no depolarization takes place. In turn this means that 9 identities exist among the
16 coefficients of a Mueller matrix in this case [39, 41]. It is thus feasible that
the Mueller matrix of a non-depolarizing optical element can be calculated from the
respective Jones matrix and vice versa except of the absolute phase [2, 42]. However,
in case of depolarization the 16 coefficients of a Mueller matrix become independent
and might include manifold orientation depending information about a sample. But
notice, the polarization state of the obtained partially depolarized light is always fully
characterized by only 3 parameters.

With the help of either the Jones or theMuellermatrix formalism it is now possible
to calculate the measurable intensities for different orientations of the polarizing ele-
ments in an ellipsometer. Therefore, thematrix representations of all optical elements
including the sample under investigation are multiplied in the respective order.

By a comparison of themeasured intensities with those calculated, it is finally pos-
sible to obtain the unknown sample polarization transformation coefficients (PTC).
The latter can be represented for example either by the bare Mueller or Jones matrix
coefficients, the ellipsometric angles Ψ and �, or the (generalized) complex Fresnel
coefficients. The choice of the most convenient representation depends on the sam-
ple under investigation and the specific ellipsometer type. Just like the choice which
parameters are used, the determination of PTC’s in practice also depends strongly
on the sample properties and the ellipsometer type. If the intensity is for example
continuously measured as a function of the rotation of a polarizing element it is often
beneficial to consider the Fourier transformation of the measured sinusoidal signal.
In case of an isotropic non-depolarizing sample, the two parameters describing the
polarization probability are then encoded in the sin(2α) and cos(2α) Fourier coeffi-
cients and can be determined thereafter algebraically by a comparison of coefficients.
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According to the sampling theorem, it is also sufficient to measure the sinusoidal
signal with a minimum of three fixed positions in order to obtain the two Fourier
parameters in a fit algorithm. Finally, it is in some cases also possible to measure at
four specific positions [4] and to calculate the two PTC’s directly from the measured
intensities.

1.3.3 Fresnel Coefficients

The second crucial step in an ellipsometric measurement now comprises the transla-
tion of the obtained PTC’s to intrinsic sample properties like the dielectric function
or the layer thickness (calculation step 2 in Fig. 1.3). This problem of the light mat-
ter interaction could be rather complicated in case of increasingly complex sample
structures. Therefore, only a few essential conclusions will be introduced which are
typically used for analyzing organic film structures.

It is reasonable to consider organic and anorganic materials as homogeneous
materials which are well characterized by its macroscopic optical properties i.e.
the macroscopic polarizability, dielectric function, or refractive index. This approx-
imation is adequate as long as the wavelength is much larger than the size of the
constituting molecules and larger than the unit cell of the crystal. It is often possible
to assume a stratified sample structure, which allows a description of the light mat-
ter interaction with planar TEM waves. With these two assumptions it is possible
to deduce complex reflection and transmission coefficients, which provide a link
between the measured Ψ and � or PTC’s and the intrinsic sample parameters. The
sample parameters are usually determined within a fit procedure. This part of the data
evaluation is often called “optical modeling”. It is usually the most discriminating
step in the data evaluation because it rests on a correctly assigned sample structure
which has to be critical reviewed in advance.

1.3.3.1 Dielectric Function

The optical properties of a homogeneous material can be encountered in the macro-
scopic Maxwell equations i.e. the constitutive relations. These relations connect
the macroscopic electric field E with the dielectric displacement D as well as the
magnetic induction B and magnetic field H according to the polarization and mag-
netization of the material. Again, three simplifications can be used:

• In the optical frequency range the macroscopic magnetization is always zero.
• The discussed ellipsometric measurements comprise only linear optical effects
and higher order contributions can be neglected.

• Spatial dispersion effects are negligible in homogeneous media.
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As a result, the response of the material to an electric field is defined by the macro-
scopic polarizability P .2 The material equations in a Fourier representation can be
written as

D[ω] = ε0E[ω] + P
[
E[ω], ω]

= ε0ε̂[ω]E[ω],
B[ω] = μ0H[ω].

(1.8)

In optical problems themagnetic field strength is connected with the magnetic induc-
tion density just by the free space permeability μ0. The macroscopic electric field
strength is connected to the displacement density by the free space permittivity ε0 and
the dielectric tensor ε̂ which depends on angular frequency ω. In absorbing materials
ε̂ = ε̂1 + i ε̂2 is a complex tensor and the imaginary part of the tensor components is
proportional to energy dissipation and thus to the absorption of the light. In case of
isotropic media the dielectric tensor reduces to a scalar dielectric function.

ε̂ =
⎛
⎝ε 0 0
0 ε 0
0 0 ε

⎞
⎠ = ε

⎛
⎝1 0 0
0 1 0
0 0 1

⎞
⎠ (isotropicmaterials). (1.9)

As already seen in (1.8) a couple of equivalent quantities can be used in order to
describe the linear optical properties of a medium. Most widely used is the complex
refractive index ñ = n + ik where the real part n refers to the refractive index of
transparent media. The imaginary part k is the absorption coefficient of a medium.
Other common representations of the optical response function and the relations
among them are summarized in Table1.1.

In case of an anisotropic sample with three intrinsic Cartesian optical axes the
dielectric tensor can be diagonalized in the form

ε̂ =
⎛
⎝εx 0 0
0 εy 0
0 0 εz

⎞
⎠ (anisotropicmaterials). (1.10)

The dielectric tensor is defined now by three independent dielectric functions εx ,
εy , and εz which determine the different polarizabilities for electric fields in the cor-
responding directions. Such a matrix is suitable for biaxial crystals of e.g. triclinic,
monoclinic, and orthorhombic symmetry. Uniaxial crystals of e.g. hexagonal, tetrag-
onal, trigonal, and rhombohedral symmetry are defined analogue but only with two
independent components [43]. As indicated before, in isotropic materials e.g. cubic
crystals, all components are equal. If the sample is placed in an arbitrary orientation
in the ellipsometer, the matrix (1.10) has to be transposed by a rotation about the
Euler angles.

2P is the spatial average of the induced dipole moments per unit volume.
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Table 1.1 Equivalent quantities for the linear optical properties of homogeneous media

Real part Imaginary part

Dielectric function: ε ε1 = n2 − k2 ε2 = 2nk

Refractive index: ñ = √
ε n =

√
(ε1 +

√
ε21 + ε22)/2 k =

√
(−ε1 +

√
ε21 + ε22)/2

Susceptibility: χ = ε − 1 χ1 = ε1 − 1 χ2 = ε2

Optical conductivity: σ σ1 = ωε0ε2 σ2 = −ωε0(ε1 − 1)

Loss function: −ε−1 −ε1

ε21 + ε22

ε2

ε21 + ε22

Phase velocity: vp = c/ñ
1√

ε0μ0

1

n

1√
ε0μ0

1

k

Organic molecules like sugar, however, have often an intrinsic handedness/
chirality. This yields an optical activity and circular dichroism if light is transmitted
through a film or liquid solution. The dielectric tensor of such materials is now no
longer symmetric. But in case of vanishing absorption (optical activity) the tensor is
still Hermitian (εi j = εi j∗). The constitutive Maxwell relation is than written as

D[ω] = εaE[ω] + iε0G[ω] × E[ω], (1.11)

where εa is the dielectric tensor for vanishing optical activity. The vectorG is pointing
in the direction of the light propagation and is called the gyration vector [44].

The optical rotation due to the Faraday effect which may emerge in the presents
of a magnetic field is defined analogously [43, 44]

D[ω] = εaE[ω] + iε0γ B[ω] × E[ω]. (1.12)

1.3.3.2 Fresnel Equations

As mentioned before the link between sample properties like the dielectric function
and its polarization properties given either by Ψ and � or by the PTC’s can be
obtained by the definition of reflection and transmission coefficients. These complex
coefficients determine to which amount the electric field amplitudes of the inci-
dent s- and p-polarization component are attributed to the respective fields in the
reflected and transmitted beam and determine the relative phase shifts among these
components.

For a single interface between two isotropic homogeneous media these relations
can be obtained as a result of the boundary conditions committed by the Maxwell
equations. They are known as the Fresnel equations of the form
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rp = ñ2 cosϕi − ñ1 cosϕt

ñ2 cosϕi + ñ1 cosϕt
,

rs = ñ1 cosϕi − ñ2 cosϕt

ñ1 cosϕi + ñ2 cosϕt
,

tp = 2ñ1 cosϕi

ñ2 cosϕi + ñ1 cosϕt
,

ts = 2ñ1 cosϕi

ñ1 cosϕi + ñ2 cosϕt
.

(1.13)

ñ1 and ñ2 are the complex refractive indices of the incident and refractive media,
respectively, and the angles of incidence ϕi and refraction ϕt are described by Snell’s
law (ñ1 sin ϕi = ñ2 sin ϕt ).

The assumption of a sample, which consists of only a single perfectly smooth
surface, is unfortunately very unrealistic. In practice at least unintentional surface
overlayers or a finite surface roughness are not negligible. Nevertheless, the Fresnel
equations are often used as a good approximation. The obtained dielectric function
is then the so-called pseudo dielectric function [6].

〈ε〉 = sin2 φ

(
1 + tan2 φ

(
1 − ρ

1 + ρ

)2)
, ρ = rp

rs
= tanΨ ei�. (1.14)

1.3.3.3 Homogeneous Stratified Media

A simple optical layer model of practical importance describes a single isotropic
layer (l) of the complex refractive index ñl and thickness d on a substrate (s) with the
complex refractive index ñs . Light, which incidences from the ambient (a) with the
refractive index na , is reflected on the surface and the interface between layer and
substrate. Due to multiple reflections within the layer, the overall reflected electric
fields parallel and perpendicular to the plane of incidence add up by a geometric
series. The summations gives the Airy formula for the so-called 3-phase model
[2, 17, 44–46]:

rp = ralp + rlsp e
i2β

1 + ralprlsp ei2β
,

rs = rals + rlss e
i2β

1 + rals rlss ei2β
,

(1.15)

where ralp/s and rlsp/s are the Fresnel reflection coefficients on the ambient layer
boundary and the layer substrate boundary, respectively (1.13). The phase factor β

is given by

β = 2π

λ
d
√
n2l − n2a sin

2 φa = 2π

λ
(d nl) cosφl . (1.16)
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λ is the wavelength of the light in vacuum and φa the angle of incidence. It will be
shown later that generalized complex “Fresnel” coefficients as defined in (1.15) can
be obtained also for complex anisotropic structures. Before it should be mentioned
that the reflection coefficients of the 3-phase model contain already 5 parameters
which determine the optical properties of the sample. Even if the substrate dielectric
function is known, we have already one parameter more than a single measurement
at a given angle of incidence can deliver. An examination of the phase factor β

furthermore illustrates the coupling of nl and d. An unambiguous determination
of the thickness and the optical properties is possible by means of multiple angle
of incidence measurements. A solution for very thin layers with d
1 nm will be
discussed in Chap. 13.

The problem of a multilayer structure with planar parallel interfaces can be solved
with the help of a 2 × 2 transfer matrix methods [2, 44, 47–51]. To some extend
similar to the Jonesmatrix formalism, it is possible to connect the electric fields of the
forward and backward traveling waves at each interface by a transfer matrix which
is defined by the Fresnel coefficients for this specific interface and thus depends on
the refractive index on both sides as well as the incident angle. In contrast to the
Jones matrix formalism the distance between the interfaces is assumed now to be
smaller than the coherence length of the light and interference between the forward
and backward travelingwaves becomes possible. Consequently, a propagationmatrix
has to be introduced, which implements a (complex) phase factor to the electric fields
crossing a given layer. The reflection and transmission coefficients (rp/rs and tp/ts)
of the whole slab are finally obtained by the product of all transfer and propagation
matrices in the respective order.

1.3.3.4 Anisotropic Media

It is a common property of isotropic media that the reflected and transmitted electric
field components parallel and perpendicular to the plane of incidence are indepen-
dent. Accordingly, the previously defined Fresnel equations and the Airy formulas
handle both components independently. Incident light with parallel polarization is
not converted by reflection or transmission to perpendicular polarized light and vice
versa perpendicular polarized light does not contribute to the parallel polarization.
This separation retains also for anisotropic materials as long as the principal optical
axes as defined in (1.10) are aligned parallel or perpendicular to the plane of inci-
dence and the sample surface. For such high symmetry configurations it is possible
to deduce reflection coefficients analogous to the classical Fresnel equations or the
Airy formulas [2, 52]. Solutions for an uniaxial anisotropic bulk sample are sum-
marized in Table1.2. Solutions for anisotropic layer structures can be found in [2,
52]. The dependency on the sample orientations shows that the measurement of only
one Ψ and � pair is not sufficient anymore. Unambiguous results are obtained by
measuring in different sample orientations and with different angles of incidence.
Thus, sensitivity to an out of plane anisotropy is obtained with a variation of the

http://dx.doi.org/doi:10.1007/978-3-319-75895-4_13
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Table 1.2 Reflection coefficients for parallel and perpendicular polarized light reflected at the
surface of an uniaxial anisotropic material if the optical axis c coincides with one of the three
high symmetry orientations [2, 52]. (c ‖ x)—c parallel to the plane of incidence and the surface;
(c ‖ y)—c perpendicular to the plane of incidence and parallel to the surface; (c ‖ z)—c perpen-
dicular to the surface and parallel to the plane of incidence. ε⊥ and ε‖ correspond to the dielectric
tensor components perpendicular and parallel to the optical axis i.e. the ordinary and extraordinary
dielectric function

p polarization (rpp) s polarization (rss )

(c ‖ x):
√

ε⊥ε‖ cosφi −
√

ε⊥ − sin2 φi
√

ε⊥ε‖ cosφi +
√

ε⊥ − sin2 φi

cosφi +
√

ε⊥ − sin2 φi

cosφi −
√

ε⊥ − sin2 φi

(c ‖ y):
ε⊥ cosφi −

√
ε⊥ − sin2 φi

ε⊥ cosφi +
√

ε⊥ − sin2 φi

cosφi +
√

ε‖ − sin2 φi

cosφi −
√

ε‖ − sin2 φi

(c ‖ z):

√
ε‖ε⊥ cosφi −

√
ε‖ − sin2 φi

√
ε‖ε⊥ cosφi +

√
ε‖ − sin2 φi

cosφi +
√

ε⊥ − sin2 φi

cosφi −
√

ε⊥ − sin2 φi

incidence angle while an in-plane anisotropy requires measurements with different
azimuthal sample orientations (Chaps. 10 and 13).

Aspnes [53] has described a solution for the pseudo dielectric function 〈ε〉 (1.14)
measured on a biaxial crystal. Based on a first-order expansion, which assumes that
the anisotropies are small corrections to an isotropic mean value, he obtained

〈ε〉 = ε + ε − sin2 φ0

(ε − 1) sin2 φ0
�εx − ε cos2 φ0 − sin2 φ0

(ε − 1) sin2 φ0
�εy − 1

ε − 1
�εz, where

εx = ε + �εx , εy = ε + �εy, and εz = ε + �εz .

(1.17)
This relation is not exact, but reveals the very small influence of the εz component
normal to the surface, if |ε| is moderately large. The physical reason is simple. If the
material is optically thick (n0 
 n1), the incoming light is refracted in the direction
of the surface normal and the electric and magnetic field vectors in the material are
mostly parallel to the surface. Therefore, it is difficult to measure ε‖ if the optical axis
(c-axis) is perpendicular to the sample surface and the sample. On the other hand it
shows that the anisotropy can often be neglected and the use of an isotropic model
yields reasonable results.

In arbitrary anisotropic materials or for arbitrary sample orientation p- and s-
polarizations couple to each other. As a consequence, the previously discussed Fres-
nel equations as well as the shortly introduced 2 × 2 transfer matrix methods are in
this case not applicable anymore. Additionally to the mode coupling between the
reflected electric field components, the field evolution inside an anisotropic layer
depends now on the propagation direction. A solution for this problem was intro-
duced by Teiler, Henvis, and Berreman [54–58] by a 4 × 4 transfer matrix formalism.
As a result on can obtain generalized reflection coefficients (rpp, rss , rps , and rsp)
[52, 57] which may are used as the polarization transformation coefficients (PTC).

http://dx.doi.org/doi:10.1007/978-3-319-75895-4_10
http://dx.doi.org/doi:10.1007/978-3-319-75895-4_13
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1.4 Dielectric Properties

1.4.1 Dispersion Models—Lorentz Oscillator

It is by far impossible to provide a common description of the dielectric properties
neither for inorganic [33, 59] nor for organic materials [60]. Nevertheless, a rel-
atively good insight could be obtained with some classical considerations. It was
mentioned already that the optical properties i.e. the dielectric function rises from
the polarizability of the material. Polarizable entities in an organic layer may are the
individual molecules were a dipole moment is induced by the electric field of the
incident light. In the infrared spectral region this could be obtained by a vibration
of ions in the molecule i.e. phonons. In the visible and UV it is mainly the excita-
tion of electrons (excitons) which gives a dipole moment. Both excitations can be
described classically by a mechanical harmonic oscillators of a negative and positive
charge with the equation of motion. Because of the strong localization of electrons in
the individual molecules, organic layers can be treated as a ensemble of uncoupled
oscillators. Within the Lorentz oscillator model the time dependent dipole moment
of all entities is translated in a polarization density and one can obtain an expression
for the dielectric function of a single oscillator (Fig. 1.7)

ε[ω] = 1 + f

ω′2
0 − ω2 − iωγ

= 1 + N

ε0
α[ω]. (1.18)

ω′
0 is the resonance frequency of the oscillator and γ the damping factor related to

energy dissipation e.g. by scattering precesses. The oscillator strength f is propor-
tional to the number of oscillators per unit volume N while α is the polarizability

Fig. 1.7 Real and imaginary
parts of the dielectric
function calculated within
the classical Lorentz
oscillator model for a single
resonance. Such a resonance
could be the electronic
excitation from the highest
occupied molecular orbital
(HOMO) to the lowest
unoccupied molecular orbital
(LUMO) which induces a
dipole moment p
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of each entity. The excitation of free electrons in metallic materials is given in this
model by an oscillator with a resonance frequency ω0 = 0 (Chap.12).

The assumption of totally uncoupled oscillators is of course a very crude approx-
imation. In dense organic layers each molecular dipole is screened at least by the
surrounding molecules. Taking this effect into account the dielectric function of
isotropic materials is rather given by the Clausius–Mosotti or Lorentz-Lorenz equa-
tion [33, 59]

ε − 1

ε + 2
= Nα

3ε0
. (1.19)

For a small damping one can find the same expression as in (1.18) but with a slightly
shifted eigenfrequency

ε[ω] = 1 + f

ω2
0 − ω2 − iωγ

where ω2
0 = ω′2

0 − f

3
. (1.20)

This effect is observed as a red shift of absorption structures while going from gas
phase or diluted materials to thin films and finally to bulk materials (q.v. Chaps. 15
and 16). In anisotropic molecular crystals on can observe the so-called Davydov
splitting due to different screening components (Chap. 13, O. Gordan et al.).

Organic molecules of course possess not only one oscillator but a couple of differ-
ent phonon and exciton dipole excitations. Therefore, the whole dielectric function
has finally to be approximated by a sum of oscillators:

ε[ω] = 1 +
∑
n

fn
ω2
0n − ω2 − iωγn

. (1.21)

Most of the organic molecules are additionally highly anisotropic. The dipole
moments of the different phonon and exciton excitations are usually linked to a
certain direction in the molecule and thereby only measurable for respective electric
field components. It is of particular importance that different oscillators may emerge
in arbitrary orientations (Chap. 3). This anisotropy does not necessarily lead to an
optical anisotropy of the material if the molecules are randomly arranged. However,
in ordered arrangements, i.e. organic crystals or due to an interface specific bonding,
the molecular anisotropy could appear in different aspects. Hereby, the anisotropy
of the single molecules is largely conserved. The reason is the strong localization
of the electrons within the molecule in contrast to metals and semiconductors. As a
consequence it is not always possible to diagonalize the dielectric tensor (1.10) for
all wavelengths simultaneously.

Beside the introduced Lorentz oscillator model one can find a huge number of
other dispersion relations in literature derived from classical electrodynamic, quan-
tum mechanical, or just empirical consideration. Because of its relevance in the thin
film analysis only the model of Cauchy should be briefly mentioned here in addi-
tion [61]. The latter describes the refractive index n of a material in the transparent
region as a Taylor series in ω2. The benefit of this model is that it can be used to

http://dx.doi.org/doi:10.1007/978-3-319-75895-4_12
http://dx.doi.org/doi:10.1007/978-3-319-75895-4_15
http://dx.doi.org/doi:10.1007/978-3-319-75895-4_16
http://dx.doi.org/doi:10.1007/978-3-319-75895-4_13
http://dx.doi.org/doi:10.1007/978-3-319-75895-4_3
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determine a layer thickness from a spectroscopic ellipsometric measurement. The
knowledge about the dispersion of n derived from the Kramers-Kronig relations
solves here the problem of parameter coupling between n and the thickness d.

1.4.2 Inhomogeneous Media and Structured Interfaces

Effectivemedium approximations (EMA) are used in order to obtain effective dielec-
tric properties for inhomogeneous layers composed of different materials in a certain
geometrical arrangement. Such a substitution of heterogeneous media by effective
material is possible if

• the constituent particles are smaller than the wavelength (beside the host material),
• but big enough so that dielectric properties of the constituting materials are still
the same,

• and if constituent particles are randomly distributed (diffraction and spatial dis-
persion effects are negligible).

The theory considers local field effects due to the surroundingmedia and the attendant
screening. The effective dielectric function is thus NOT an average of the different
constituting material dielectric functions. It can be shown that the effective medium
properties are rather than a sum of the respective polarizabilities αn . The effective
dielectric function is given by an expression similar to the Clausius–Mosotti relation
(1.19) [62]

ε − εh

ε + pεh
=

∑
n

fn
εn − εh

εn + pnεh
(1.22)

where p is the so-called depolarization factor with

p = 0 no screening,
p = 1 2D cylindrical inclusions,
p = 2 3D spherical inclusions,
p → 1 maximal screening.

fn is the volume fraction of the different components. In (1.22) the host material
is defined with the dielectric function εh while the Clausius–Mosotti relation (1.19)
is using εh = 1. The effect of the different depolarization factors is probably best
seen by inspecting the extreme cases of none and maximum screening in layered
structures, the so-called Wiener bounds (Fig. 1.8).

Table1.3 summarizes three common EMA solutions for certain configurations.
Especially the Bruggeman solution is widely used. Here, we would mention in par-
ticular the possibility to mimic a rough surface or interface by means of an effective
medium layer [63]. The layer thickness could be determined, if necessary, by atomic
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(a) (b)

Fig. 1.8 The effective dielectric function of two media a and b can be calculated within effective
medium approximations depending on the topology of mixing. All the different solutions, however,
are found between the so-called Wiener bounds (a) for a stratified structure parallel to the electric
field with maximal screening ( 1

〈ε〉 = fa
εa

+ fb
εb

) and (b) for a stratified structure perpendicular to the
electric field without screening (〈ε〉 = faεa + fbεb)

Table 1.3 Most common effective medium approximations

Bruggeman [65] 0 = f
εa − 〈ε〉
εa + 2〈ε〉 +

(1 − f )
εb − 〈ε〉
εb + 2〈ε〉

Randomly mixed particles

Maxwell-Garnett [66]
〈ε〉 − εM

〈ε〉 + 2εM
= f

εp − εM

εp + 2εM
Isolated particles in a matrix

Looyenga [67] 3
√〈ε〉 = f 3

√
εa + (1 − f ) 3

√
εb Heterogeneous mixtures

force microscopy (AFM). In the visible spectral range the thickness of the effective
medium layer corresponds approximately to the root-mean-square (rms) roughness
determined in scan range of about 5 × 5 µm [64]. Further applications are described
in Chap.9 (T.W.H. Oates).

1.5 Ellipsometric Configurations

With increasing amount of different analytical issues and the progress in the technical
possibilities, by time also various types of ellipsometric systemshavebeendeveloped.
They differ mainly in the way how the polarization state of the incident light is
generated and how the resulting polarization is analyzed (Fig. 1.1). Depending on
the analytical requirements, the sensitivity and measurement speed can be optimized
by choosing one or the other configuration [68]. Other modifications are made in
order to increase the interface sensitivity for instance by attenuated/internal total
reflectance (ATR/TIR) and internal total reflection (Chap.18, H. Arwin).

http://dx.doi.org/doi:10.1007/978-3-319-75895-4_9
http://dx.doi.org/doi:10.1007/978-3-319-75895-4_18
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1.5.1 Null-Ellipsometer

A “Null-Ellipsometer” is one of the oldest configurations. It consists of three polar-
izing elements. Two linear polarizing elements, namely the polarizer (P) and the
analyzer (A) as well as a compensator (C). The compensator is placed either between
the polarizer and the sample (PCSA-configuration) or between the sample and the
analyzer (PSCA-configuration). As indicated already by the name, sample properties
are determined by varying (rotating) two of the three components until the measured
intensity is minimized. With this procedure the ellipsometric angles Ψ and � can be
directly obtained [69]. The involved nulling procedure is on the other hand a huge
disadvantage although the rotation of the polarizers can be meanwhile motorized.
Furthermore, all wavelength have to be measured one after another and a paralleliza-
tion is hardly possible.

1.5.2 Rotating Polarizer/Analyzer

The rotating polarizer/analyzer ellipsometer is a photometric configuration, which
was used in the first automatic spectroscopic systems [19]. In this PSA configuration
either the polarizer (PSA-RPE) or the analyzer (PSA-RAE) is rotated. Both the con-
tinuous and the so-called “step scan” rotations are used. It was mentioned already in
Sect. 1.3.2.2 that Ψ and � are obtained by analyzing the sinusoidal detector signal
in terms of the sin(2α) and cos(2α) Fourier coefficients. The decision whether the
polarizer or the analyzer is rotated depends on the used light source and the position
of the monochromator. Hereby, polarization effects of the peripheric components are
minimized. The “step scan” mode is usually used in connection with spectrographs
and interferometric setups where all wavelengths are recorded in parallel.

With this type of ellipsometer it is possible to determine dielectric functions and
layer thicknesses of isotropic or anisotropic absorbing materials with high accuracy.
Incident angle scans (variable angle spectroscopic ellipsometry) provide enhanced
sensitivity to layer thicknesses or out-of-plane anisotropies. Azimuthal rotation of
the sample allows the determination of in-plane anisotropies. A general advantage is
the reduced number of optical elements which minimizes alignment errors. Disad-
vantages arise from sensitivity limitations in case of transparent or metallic samples.
Furthermore it is not possible to determine the sign of � or to distinguish between
circular and unpolarized light. Thus depolarization effects can not directly measured.

1.5.3 Rotating Compensator

In a rotating compensator ellipsometer the linear polarizing elements are fixed and
a rotating compensator is added either in PCSA or in the PSCA arrangement. With
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these modification, errors due to polarization dependent detectors or polarized light
sources are avoided. The ellipsometric angles Ψ and � are now decoded in the 2α
and 4α Fourier coefficients of the recorded detector signal [68, 70]. In addition it is
possible to determine depolarizations i.e. all four Stokes parameters (1.5). Moreover,
it is now possible to determine � with the correct sign and with higher precision in
comparison to rotating analyzer systems. Problems mainly arise in connection with
the necessary calibration of the compensator. Quarter wave plates are applicable
only for one wavelength and even “achromatic” compensator plates feature a distinct
wavelength dependence.

Additional information are obtained if also the polarizer is rotated. In these gen-
eralized ellipsometric measurements all 6 polarization transformation coefficients
(PTC) of a non-depolarizing arbitrary anisotropic sample i.e. the 6 independent Jones
matrix coefficients (1.7) can be determined. In case of depolarization one can gain
maximal 12 parameters i.e. the first three rows of the Mueller matrix (1.7).

1.5.4 Photo-Elastic Modulator Ellipsometer

In these kinds of ellipsometers, a photo-elastic modulator (PEM) is used instead of
compensator. The modulation yields here a time dependent change of the retarda-
tion. This is achieved technically by a resonant acoustic excitation of an isotropic
crystal [71, 72]. The generated modulation is thus typically in the 100 kHz range. By
using a PEM instead of the rotating compensator the scan speed is therefore much
higher. Also the problem of wobbling light beams is avoided because the system do
not contain moving parts. Drawbacks are again the wavelength dependency of the
retardation and a fragile calibration of the PEM.

1.5.5 Dual Rotating Compensator

The dual rotating compensator configuration (PCSCA) extents the possibilities of
the generalized ellipsometry even further. This method is also known as “Mueller
matrix” ellipsometry. Quite in general it technically supports the determination of
all Mueller matrix coefficients (1.7) [42, 73, 74]. In practice, however, many of
them are not independent from each other and the interpretation of the measured
Mueller matrix elements in terms of intrinsic physically meaningful sample param-
eters is a demanding problem. Mueller matrix measurements recorded at different
incidence angles and different azimuthal sample orientations may provide perhaps
most comprehensive information about the optical response even for complex sample
structures [75, 76].
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1.5.6 Reflection Anisotropy Spectroscopy

Reflection anisotropy spectroscopy (RAS) is a polarimetric method closely related
to ellipsometry with a specific surface and interface sensitivity. It differs only by the
angle of incidence which is chosen perpendicular to the sample surface (ϕ = 90◦).
A standard configuration compares, apart from that, to the photo-elastic modulator
ellipsometer [77, 78]. In this configuration the polarization of the incidence light does
not change upon reflection as long as the sample is isotropic (amorphous glass or
cubic crystals like those of Si and Cu). The collected signal at the detector is constant.
Any anisotropic surface or self organized anisotropic add-layer of molecules creates
a modulation, which can be recorded with very high sensitivity for example with a
lock-in amplifier [79–81].
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Chapter 2
Adsorption of Proteins at Solid Surfaces

Hans Arwin

Abstract Ellipsometry has a very high thin film sensitivity and can resolve sub-nm
changes in the thickness of a protein film on a solid substrates. Being a technique
based on photons in and photons out it can also be applied at solid-liquid interfaces.
Ellipsometry has therefore foundmany in situ applications on protein layer dynamics
but studies of protein layer structure are also frequent. Numerous ex situ applications
on detection and quantification of protein layers are found and several biosensing
concepts have been proposed. In this chapter, the use of ellipsometry in the above
mentioned areas is reviewed and experimental methodology including cell design is
briefly discussed. The classical ellipsometric challenge to determine both thickness
and refractive index of a thin film is addressed and an overview of strategies to
determine surface mass density is given. Included is also a discussion about spectral
representations of optical properties of a protein layer in terms of a model dielectric
function concept and its use for analysis of protein layer structure.

2.1 Introduction

2.1.1 Historical Background

Ellipsometry was used already 1932 for studies of organic monolayers by Tronsted
et al. [1], but Vroman [2], Rothen and Mathot [3] and Stromberg et al. [4] were
most likely among the first to report measurements on protein layers. Azzam et al.
[5] demonstrated similar results in studies of immunological reactions and also pro-
vided a theoretical framework. Their pioneering work included studies of kinetics
of protein adsorption at solid/liquid interfaces. These early investigators found ellip-
sometry to be a suitable tool for non-destructive analysis of thin films, both ex situ
as well as in situ at a solid/liquid interface, but surprisingly the use of the technique
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for protein adsorption studies during the last 40 years has been limited to a few lab-
oratories.1 In addition, with a few exceptions, the types of applications are generally
very simple and often limited to single wavelength measurements. This may be due
to that most users in the field have a background in biochemistry or medicine and not
are sufficiently trained in optics and physics to make full use of the technique. The
development in the field during this period has been reviewed several times [6–13].

However, one also finds that about one third of the reports are from the last ten
years and new research groups have started to use ellipsometry and more advanced
methodology is employed. The applications of the technique on protein adsorption
have now expanded to include imaging ellipsometry [14], total internal reflection
ellipsometry [15–17], infrared ellipsometry [18, 19], in combination with quartz
micro balance [20, 21] and more. Fortunately spectroscopy becomes more and more
common and attempts are made to address scientific issues beyond semi-quantitative
analysis of layer thickness and simple determination of surface mass density.

2.1.2 Opportunities and Challenges

Ellipsometry offers possibilities for true quantitativemeasurement of thin layers with
sub-nm sensitivity and has the in situ advantage to allow monitoring of dynamic
processes. It is based on photons-in photons-out and is thus nondestructive and can
be applied even at a solid/liquid interface.

The in situ advantage should not be underestimated for protein adsorption studies
because: (1) protein layers can to be studied on model surfaces very similar to those
in the normal environment for proteins; (2) protein layer surface dynamics can be
studied directly; and (3) no labeling of protein molecules is required. These three
characteristics facilitate studies of central phenomena in protein adsorption research
including competitive adsorption of proteins, protein layer structure and dynamics,
protein interaction on surfaces and protein exchange reactions and more. Studies
under flow is an example on an additional possibility. It is no doubt that ellipsometry
is a convenient and excellent tool to study surface dynamics in biological systems.
This major advantage is particular important since living systems are by definition
continuously changing and rely on chemical processes,molecular transport, synthesis
and degradation.

Which are the challenges then? We may distinguish between basic research on
protein adsorption performed in research laboratories and biosensor applications
with goal to get established in clinical laboratories and even in the doctors office.
For the research applications, the available ellipsometers on the market have preci-
sion, speed and general performance to match the requirements for high-precision
bioadsorption studies. It is fair to say that the instrument problem is solved in this

1A search in Web of Science with topics ellipsometry AND protein results in more than 1600 hits
with one fourth of the hits from a few groups in Sweden. If authors are listed among the 1200 hits
one finds that 7 of the 10 with most publications are from Sweden.
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context. Of course, depending on the actual scientific question addressed, there are
always technical challenges related to how to expose proteins to a surface: in situ or
ex situ adsorption; flowing or static adsorption conditions; solution stirring or not;
temperature control; etc.

With the instrument problem solved, the two most important scientific challenges
are the data evaluation and to select the most appropriate surface for the problem
addressed. In in vitro studies of protein adsorption one may always question if the
model surface used is relevant. Ellipsometry has this problem in common with many
other techniques but a special limitation for ellipsometry is that a relativelyflat surface
at least a few square mm2 large is required. Adsorption studies on curved surfaces
or small particles are not possible. Many ellipsometric protein adsorption studies
are traditionally performed on silicon wafers2 which are extremely flat and lend
themselves to surface modification by silanization to change their surface chemistry,
physics and energy. Another commonly used material is gold which can be modified
using thiol chemistry. From an optical point of view, these two types of surfaces are
excellent and provide high optical contrast to protein layers and are readily available.
However, the critical question about the biological relevance should always be asked.
The second challenge, evaluation of the primary data Ψ and �, is a central problem
in ellipsometry. For protein layers the main issue is how to simultaneously determine
layer thickness and layer refractive index. This will be discussed in some detail in
the following sections.

For biosensor applications of ellipsometry, one may say that the challenges are
the opposite. The evaluation problem is solved in the sense that sufficient sensitivity
is obtainable to detect small amounts of adsorbed protein on a surface. However,
ellipsometry is not a method for chemical identification, so chemical and biological
specificity must be achieved through biorecognition. This is a central challenge but
is rather a biochemical issue than an ellipsometric. The main ellipsometric challenge
is on the instrumental side. There are several concepts proposed but systems suitable
for clinical tests are not readily available. To be competitive, a system also must be
simple to operate and maintain and proof of concept must be well documented. This
review is limited to presentation of a few approaches to realize biosensor concepts.

2.1.3 Objectives and Outline

The objective of this chapter is to provide an overview of the use of ellipsometry in
the life science area with limitation to protein layers. In the methodology sections,
hardware configurations will be described very briefly as there are numerous variants
found in the literature. Focuswill instead be on strategies for evaluation of ellipsomet-
ric data. For applications, the more simple applications based on single-wavelength
ellipsometry for thickness and surface mass determination will only be summarized

2A silicon surface always has a thin native oxide or is deliberately oxidized so it would be more
correct to say that protein adsorption is done on SiOx /SiO2 when silicon is used.
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as there are several reviews available on this subject. Instead, development including
more advanced approaches like imaging and spectroscopy employed for studies of
surface dynamics, structural analysis and biosensing will be addressed.

2.2 Methodology—Experimental Aspects

Ex situ experiments with ellipsometry on protein layers do not differ from other
types of ellipsometric thin film studies and various types of instruments are described
elsewhere. Here we discuss some configurations used in in situ applications, i.e. at
solid/liquid interfaces.

Null ellipsometry in a PCSA (polarizer-compensator-sample-analyzer) configu-
ration is the traditional ellipsometer used for protein adsorption studies. A PCSA
instrument is robust, easy to operate, has high resolution and simple data collection.
Among drawbacks are limitations to single-wavelength operation and low speed.
If fast dynamics are studied a possibility is to operate a PCSA instrument in off-
null mode [22]. This configuration is also convenient for imaging ellipsometry [14].
In more advanced applications involving spectroscopy, photometric instruments like
the rotating analyzer configuration are normally employed.

Very important for in situmeasurements in liquids is design and features of the cell
required to hold the liquid. Most cells are home made and adapted to the particular
needs of the experiments conducted.Among themost important factors is how liquids
are mixed in the cell. In some designs a flow system is included but it is very hard
to avoid dead (unstirred) volumes and there is always an unstirred layer close to
the surface under test. Molecules always must diffuse over this layer. Magnetic
stirring is often used and has the advantage that the same liquid is in the cell all the
time compared to a in flow system. Cells also have windows and proper windows
characterization must be performed and included in the data evaluation in a similar
manner as for windows in vacuum systems. Additional complications in cell design
is if temperature control is required for the surface or molecular interactions studied.

A major difference form measurements performed in air or vacuum is that the
ambient, i.e. the liquid, has a refractive index larger than one and, more important,
has a dispersion [23]. Furthermore, addition of molecules to the liquid may change
its refractive index which in most cases is seen as a change in Ψ which can be
mistaken for an adsorption process. However, this change is very fast and occurs as
soon as mixing is complete (within seconds), whereas a change due to molecular
adsorption on the surface occurs slower (tens of seconds or slower) due to diffusion
over the unstirred layer at the interface. To consider in the evaluation of data is also
that molecules do not only adsorb on the surface—molecules also desorb at the same
time, i.e. there is a replacement. Often the biomolecules replace water molecules and
contact adsorbed ions.
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2.3 Methodology—Modeling Aspects

A data set of (Ψ,�)-pairs is obtained in an ellipsometric experiment. In ex situ
mode it is possible to perform spectroscopic, variable angle, dynamic and imaging
ellipsometry, whereby, wavelength λ, incidence angle θ , time t and lateral position,
respectively, are independent parameters. In in situ mode it may be complicated to
vary θ . In a traditional in situ protein adsorption experiment, the time evolution of
Ψ and � at single λ is monitored which in a modern methodological perspective is
very rudimentary as there is much to gain by using spectroscopic ellipsometry.

The basic model for evaluation is that we have a surface with known properties
on which there is a layer with thickness d and refractive index N = n + ik, where n
and k (the extinction coefficient) are the real and imaginary parts of N . In addition
the fill factor f of the layer may be of interest if density effects are addressed. If
spectroscopy is employed, it is also helpful to introduce dispersionmodels to describe
the λ-variation of N . A complementary parameter traditionally used is the surface
mass density Γ which represents the amount of protein on a surface in units of
e.g. ng/mm2. Γ is conceptually very easy for a layman to understand but implies a
reduction of the information as it combines d and N into one parameter. Figure2.1
shows a few schematic examples of protein layer structures and also presents the
two most common models used for evaluation. The model to the bottom left most
closely represents reality in the sense that d is the physical extension of the layer
into the ambient and N is its effective refractive index. The model to the bottom
right represents a “collapsed” layer with deq and Np corresponding to thickness and
intrinsic index of a dense protein layer. The latter model is often used when N and d
cannot be separated and N is then normally assumed or taken from the literature. One
may also consider intermediate models as discussed by Werner and coworkers [24].
They also pointed out that steady-state irreversible adsorption of HSA and fibrinogen
on hydrophobic polymers strongly depends on the dynamics.

The examples of layers illustrated in Fig. 2.1 should, to be more precise, be
described in an anisotropic model due to form birefringence. However, the out-
of-plane (normal to the surface) sensitivity is low in an ellipsometric experiment at
oblique incidence on a thin layer so the anisotropy can normally not be resolved.
One has to simplify and use isotropic models as shown in Fig. 2.1.

Herewewill first discuss strategies to determine d and N followed by presentation
of model dispersion functions for protein layers. A short introduction to alternatives
to determine Γ is also included.

2.3.1 Strategies to Determine Both Thickness
and Refractive Index

It is often stated that it is impossible, or at least very hard, to resolve both d and N
for a thin film in an ellipsometric experiment. The argument is that the product Nd
enters into the film phase thickness β in the reflection coefficients in the three-phase
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Fig. 2.1 The schematic sketches on top show four different protein configurations including irregu-
lar shaped, spherical and ellipsoidal (end-on and side-on) molecules. Below is shown two simplified
models for evaluation: (left) a layer with thickness d and index N representing the layer extension
(true thickness) and effective index, respectively; (right) a layer with thickness deq and index Np
representing the equivalent thickness for a dense layer and intrinsic protein index, respectively

model. From this product it is not possible to determine both d and N . However,
N enters weakly but independent of d into the reflection expressions through the
Fresnel interface coefficients which allows a separation of d and N if the accuracy
of the data is sufficiently high.

The bottom line is that it all depends on the character of the sample, the measure-
ment conditions and earlier also on the performance of the instrument used. Modern
instruments are very precise and are not limiting. The traditionally used silicon sur-
faces have the disadvantage that mainly� changes upon adsorption of a protein layer
due to that silicon is near-dielectric. The change in � can be very large providing
very high detection sensitivity but the change in Ψ is often small and in most cases
smaller than systematic errors in the system. Effectively there is therefore only one
experimental parameter available and two (d and n) or three (d, n and k) model
parameters cannot be determined in a single experiment. Usually N is then taken
from the literature or assumed.

However, there is no principle hindrance to determine both d and N for a protein
layer. This was proven already in the 80s for a 2.4nm thick layer of bovine serum
albumin (BSA) adsorbed on a HgCdTe substrate [25]. Later similar in situ experi-
ments were performed and the spectral dependence of N of a 4.1nm thick layer of
lactoperoxidase on gold was determined as shown in Fig. 2.2 [26].

The strategy used in the two examples above is based on spectroscopic ellipso-
metric data and uses that d and n can be determined in a spectral region where k = 0.
Once d is found, N can be determined on awavelength-by-wavelength basis for all λ.
The thickness determined in this way should be considered as a representation of
the extension of the layer and the index is the average layer index as illustrated in
Fig. 2.1. The latter would correspond to the intrinsic refractive index of the protein
itself only if the layer is 100% dense which rarely is the case for a non-crystalline
layer.
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Fig. 2.2 Real part n of the refractive index of a 4.1nm layer of lactoperoxidase on gold. Also shown
is the absorption coefficient α = 4πk/λ. The Kramers–Kronig counterpart to the α-band around
3eV is not seen in n at the scales used. Reprinted from [26] with permission from Elsevier

Malmsten [27] used interference enhancement to study protein adsorption on sili-
conwith 30nm thermal oxide and could thereby reduce the disadvantagewith silicon.
He successfully used accurate single wavelength null ellipsometry data recorded in
situ to resolve dynamics in d and n (assuming k = 0) for human serum albumin
(HSA), immunoglobulin G (IgG), fibrinogen and lysozym. Conclusions about layer
structure were possible to draw from these results.

If the interface between the protein layer and the substrate is sufficiently sharp,
the Arwin–Aspnes method [28] can be used to find d, whereafter the protein layer
index can be determined on a wavelength-by-wavelength basis as shown by [29, 30].
The above methods use numerical inversion to find N at fixed d. However, if k = 0 is
assumed, one can use analytic inversion. A fifth degree polynomial equation is then
obtained. It can be readily solved and was applied at the air/water interface to layers
of arachidic acid and valine gramicidin A with thickness in the range of 2–3nm [31].
An alternative to wavelength-by-wavelength analysis is to include dispersion models
for N as shown by Berlind et al. [32] who used a Cauchy dispersion in the visible
part of the spectrum and Arwin et al. [33] who used a more complex model dielectric
function in the infrared. The strategies described above are summarized in Table2.1.

One can also combine ellipsometry with other methods to determine both thick-
ness and porosity of thin organic films. Rodenhausen et al. [20] combined in situ
ellipsometry with quartz crystal microbalance measurements to address the ultra-
thin film limit 2πnd/λ � 1. This approach is discussed in detail in Chap.17 in this
book.

Table 2.1 Overview of strategies for determining N and d of thin protein films

Strategy Assumption References

λ-by-λ k = 0 [25, 26]

Single λ, interference k = 0 [27]

Arwin–Aspnes method – [28]

Analytical inversion k = 0 [31]

Dispersion models Cauchy, Gauss, Lorentz etc. [32, 33]

http://doi.org/10.1007/978-3-642-40128-2_17
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2.3.2 Spectral Representations of Protein Layers

As discussed above, a majority of the early ellipsometric protein adsorption studies
were performed with single wavelength methodology and only a single value of N
was obtained, often at λ = 546nm or λ = 633nm. However, spectroscopic ellipsom-
etry comesmore anmore in use for protein adsorption studies and with spectroscopic
data available it is possible to model N for a protein layer using dispersion models.
Most protein molecules are non-absorbing in the visible spectral range and thus a
protein layer can be assumed to be transparent. A Cauchy model is the basic model
and is defined by

n(λ) = A + B

λ2
+ C

λ4
(2.1)

where A, B and C are parameters determined by fitting (2.1) to experimental data.
Sometimes it is sufficient to fit only A and B.

Protein molecules have a background adsorption in the ultraviolet (UV) spec-
tral range due to the peptide chain which is seen in the lactoperoxidase-spectrum
in Fig. 2.2. Some proteins may contain functional groups like hemes and exhibit
absorption bands and additional complexity in the modeling of N should be intro-
duced. The heme group absorption around 3eV in Fig. 2.2 serves as an example. The
peptide backbone resonances and other electronic bands in the UV and visible (VIS)
spectral regions can be modeled with Lorentzian or Gaussian dispersion models.

In the infrared (IR) region, proteins have characteristic but complex absorption
bands which carry information about protein secondary structure and other structural
details. The analysis of these optical features allows for example to determine the
amount of α-helix or β-sheet structure in proteins [34]. These vibrational resonances
can also be modeled with Lorentzian or Gaussian dispersion models. A suitable
overall model dielectric function (MDF) for ε = N 2 versus photon energy E is

ε(E) = ε∞ −
∑

j

A jΓ j E j

E2 − E2
j + iΓ j E

−
∑

k

AkΓk ν̄k

ν̄2 − ν̄2
k + iΓk ν̄

(2.2)

where ε∞ is a constant accounting for resonances at energies larger than the spectral
range studied, A j , Γ j and E j are amplitude, broadening and energy, respectively,
of j UV-VIS resonances, and Ak , Γk and ν̄k are amplitude, broadening and energy,
respectively, of k IR resonances. In IR it is customary to express resonance energies
in wavenumbers ν̄ as indicated in the last term in (2.2). ν̄ is related to E by E = hc0ν̄
where h is Plancks constant and c0 is the speed of light. An example of the use of
(2.2) is given later in this chapter.

2.3.3 Determination of Surface Mass Density

If the correlation between N and d cannot be resolved one can present results in
terms of the derived parameter Γ , the surface mass density. As an example, Cuypers
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et al. [35] found that the time evolution of d and n (k = 0 was assumed) was very
noisy for adsorption of protrombin on chromium, whereas if Γ was derived, a con-
siderable reduction in noise occurs. Some advantages with using Γ is that it is easy
to understand and also directly can be compared with results from radio immunoas-
says [36, 37] and gravimetric methods. However, a major drawback with Γ is that
structural information is lost.

The method above is referred to as Cuypers et al. model [35] and is based on
that n and d have been determined for a protein layer using ellipsometry. In addition
one need the molecular weight, molar refractivity and partial specific volume of the
molecules in the layer. The model is derived assuming a Lorentz-Lorenz effective
medium for a mixed layer (ambient and biomolecules).

A more frequently used and recommended model for Γ was developed by de
Feijter et al. [38]. They derived the expression3

Γ = 100
d(n − namb)

dn/dc
(2.3)

where namb is the refractive index of the ambient (in general a liquid) and dn/dc is the
refractive index increment of the protein. The value on dn/dc can be determinedwith
an Abbe refractometer or with prism deviation measurements on protein solutions
[23]. Also in de Feijter et al.’s model the noise in Γ is strongly reduced compared
to in d and n. Further possibilities to determine Γ and also a comparison among the
methods can be found elsewhere [10].

2.4 Applications

2.4.1 Protein Adsorption and Dynamics on Model Surfaces

Determination of thickness and/or surface mass density is one of the most common
applications of ellipsometry in the area of protein adsorption. It is often performed
in situ to monitor surface dynamics. These types of applications have been reviewed
and further details can be found in [6–13].

2.4.2 Studies of Protein Layer Structure

Above we discussed the basic challenge to quantify and monitor the dynamics of
protein adsorption. In this section we will address some structural aspects including
layer density, layer structure from dynamics of n and d, molecular ordering from
anisotropy and from analysis of infrared chemical signatures.

3With a prefactor 100, Γ is expressed in ng/cm2 if d is in nm and dn/dc in cm3/g.
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Fig. 2.3 Thickness (a) and refractive index (b) versus surface mass density of a layer of IgG
evaluated from recordings of in situ ellipsometric data on oxidized silicon. Reprinted from [27]
with permission from Elsevier

Layer Density A very basic structural parameter of a protein layer is its density. For
an adsorbed layer of a rigid protein, there will certainly be density deficiencies. For
a more flexible protein, conformation changes may occur upon adsorption but still
one cannot expect an ideal homogeneous layer with flat parallel boundaries. Density
is strongly related to n and various effective medium approximations (EMA) are
used. A very simple density modeling can be done if n for a (more) dense protein
layer is known as exemplified by determination of a density deficiency of 30% of a
BSA layer on platinum [6] compared to a nominally dense BSA layer on HgCdTe.
Ellipsometry can in principle provide n for thin layers as discussed above but it has
not been proven yet to have sensitivity to resolve in-depth density profiles for protein
monolayers as can be done with neutron reflectometry [39, 40]. However, for thicker
protein layers, density depth-profiling is possible as shown by Kozma et al. [41].
They studied several hundred nm thick flagellar filament protein layers on surface
activated Ta2O3. The protein layers were described by five EMA sublayers. By fitting
this model to spectroscopic ellipsometry data, they determined the in-depth variation
in surface mass density.

Dynamic Relations Between n and d Malmsten [27] made pioneering work and
used single-wavelength ellipsometry to resolve structural details and film formation
mechanisms for layers of fibrinogen, γ -globulin and more proteins on silicon with
30nm thermal oxide. Figure2.3 shows that IgG adsorbing on an oxidized silicon
surface made hydrophobic by methylation, proceeds with n linearly increasing from
the value of the ambient medium to a final value of around 1.37 corresponding to
Γ = 3mg/m2. During thewhole adsorption process, d ismore or less constant except
for low Γ where noise is seen. The dimensions of IgG are 23.5 × 4.5 × 4.5nm and
Malmsten concluded that IgG has a near end-on orientation. The relatively low n
and Γ show in addition that the layer has low packing density. Fibrinogen showed a
more complex dynamics with a near-linear change in both n and d [27].
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Fig. 2.4 Time evolution of thickness (left) and refractive index (right) during formation of a fib-
rinogen layer matrix on a functionalized silicon substrate. Symbol F indicates fibrinogen adsorption
and A layer activation using EDC/NHS. Reprinted from [32] with permission from Elsevier

Further structural studies with ellipsometry along these lines but also includ-
ing multilayer adsorption were performed by Berlind et al. [32] who studied fib-
rinogen covalently bonded on functionalized silicon surfaces using affinity ligand
coupling chemistry. Adsorption of fibrinogen was monitored in situ with ellipsom-
etry at λ = 500nm and ellipsometric spectra were measured at steady-state in the
range 350–1050nm. Figure2.4 shows d and n during multistep adsorption and in
situ chemical activation of fibrinogen layers evaluated on a λ-by-λ basis. Figure2.5
shows the corresponding change in Γ calculated with de Feijter et al.’s formula in
(2.3). Fibrinogen matrices with thickness up to 58nm and with surface mass density
Γ of 1.6µg/cm2 were prepared in this way. The first adsorption step results in a
fibrinogen layer with Γ = 1µg/cm2. A chemical activation using ethyl-3-dimethyl-
aminopropyl-carbodiimide and N-hydroxy-succinimide (EDC/NHS) methodology
was then performed with intention to promote binding of the next fibrinogen layer.
However, only a small thickness increase was observed upon a second fibrinogen
adsorption step. Furthermore Γ increases monotonically during the whole exper-
iment and when n or d decreases, Γ remains constant, i.e. no desorption occurs.
This thickness decrease is accompanied with an index increase supporting a densifi-
cation of the fibrinogen layer. A proposed structural model for the fibrinogen layer
is shown in Fig. 2.5 and is further discussed in [32]. Earlier single-λ ellipsometry
experiments with ex situ activation and incubation showed very different results [42]
with a considerable increase inΓ after each incubation stepmore or less proportional
to the number of incubation/activation steps performed. These differences are most
probably due to the drying steps in the ex situ case.

Molecular Ordering from Anisotropy Protein molecules in a layer are normally
assumed to be randomly oriented and very few protein layers are crystalline. Even
if there is an order, an isotropic layer is normally assumed if the molecules not are
uniaxial or biaxial. However, there are some indications that protein molecules can
be uniaxial. Sano [43] showed that structural anisotropy in BSA leads to uniaxial
molecules with n of 1.744 and 1.563 along the major and minor axes, respectively.



42 H. Arwin

Fig. 2.5 Time evolution of surface mass density Γ (left) during formation of a fibrinogen layer
matrix on a functionalized silicon substrate. Symbol F indicates fibrinogen adsorption and A layer
activation using EDC/NHS. To the right is shown a possible structure of a fibrinogen matrix formed
by multistep adsorption/activation. Reprinted from [32] with permission from Elsevier

In addition there may be form induced birefringence in protein layers as briefly dis-
cussed in themethodology section above. Of course, the resolving power of ellipsom-
etry on protein filmsmaybe insufficient to resolve their anisotropy regardless of being
intrinsic or form induced. In highly ordered, but thin films of fatty acids prepared by
Langmuir-Blodgett techniques, Engelsen [44] demonstrated that anisotropic model-
ing is relevant. Future refinement of ellipsometric methodology will tell if anisotropy
of protein films will add to further understanding of their properties and structure.

Chemical Structure Infrared spectroscopy is well established for studies of pro-
tein structure. The advantage is that vibrational signatures can be correlated to the
secondary structures in protein molecules [34]. However, surprisingly few reports
on application of infrared spectroscopic ellipsometry (IRSE) for studies of protein
layers are found in the literature in spite of that IRSE has the advantage to provide
a quantification of the amount of protein on a surface, i.e. to determine the layer
thickness in addition to the IR spectral features. The limited use of IRSE may be due
to that the instrumentation is rather expensive and slow. With a pyroelectric DTGS
detector, a typical measurement on a protein monolayer may take 12h or more but
using other types of detectors can shorten the measurement time. A rather large sam-
ple area of several mm2 is also required. The speed and sample size can be reduced
by employing synchrotron infrared spectroscopic ellipsometry as shown by Hinrichs
et al. [45]. They studied peptides, proteins and their antibodies and could in particular
identify the so called amide bands [19].

IRSE has been applied to determine N of bovine carbonic anhydrase (BCA)
adsorbed in a 500nm thick porous silicon layer [18]. Using Lorentzian resonances,
as those in (2.2), five absorption bands, including the amide I, II and A, could be
resolved and parameterized. In addition it was found that more BCA per surface area
was adsorbed near the surface. Protein monolayers and multilayers have also been
studied by IRSE on flat model surfaces [33]. In particular the effect of heating on
the secondary structure (the amide bands) were observed. For a multilayer with ten
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Fig. 2.6 Real part n (left) and extinction coefficient k (right) for a fibrinogen monolayer on gold
measured at room temperature (RT) before and after heating to 120 ◦C. Reprinted from [33]

Table 2.2 Amide band parameters and 90% confidence intervals in a Lorentzian model for N of
a 4.1nm fibrinogen layer on gold

Resonance Frequency (cm−1) Broadening (cm−1) Amplitude

– 1397 ± 3 40 ± 8 0.39 ± 0.09

Amide II 1537 ± 3 40 ± 8 0.99 ± 0.09

Amide I 1654 ± 2 44 ± 4 1.55 ± 0.09

Amide A 2963 ± 24 141 ± 77 0.13 ± 0.04

Amide A 3311 ± 14 260 ± 45 0.031 ± 0.03

alternating HSA and anti-HSA layers with a total thickness of 40.2nm, it was found
that heating to 120 ◦C reduced the thickness around 1nm and that mainly the amide
A band was affected as observed in N . Upon heating to 200 ◦C, major changes in all
amide bands occurred.

Also effects of heating a 4.1nm monolayer of fibrinogen on gold was studied
[33]. Figure2.6 shows that heating of a fibrinogen to 120 ◦C increases both n and k.
The thickness decreases to 3.5nm so effectively a densification of the layer has
occurred. A possible explanation is that water has desorbed. The frequencies and
corresponding broadenings and amplitudes for the five identified resonance before
heating are shown in Table2.2. Very small changes, except for increase in amplitudes,
very found upon heating.

2.4.3 Protein Layer Based Biosensing

It was early shown that ellipsometry could be used for detection of biomolecules
(see e.g. [3]). The idea of using ellipsometry as a sensor principle is therefore
old and was also reviewed several years ago [46]. Several attempts to design sys-
tems for end users have been presented but have not been implemented in clini-
cal laboratories so far. The Isoscope or comparison ellipsometer [47] and the fixed
polarizer ellipsometer [48] are two examples of suggested point-of-care systems.
Also imaging ellipsometry were suggested many years ago as a high through-put
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system for biosensing [14, 49]. It seems that ellipsometry as a biosensor principle
not finds its way from research to clinical laboratories. No user-friendly and cost-
efficient instruments suitable for clinical use are commercially available. In spite of
this, suggestions for biosensing applications continues to be published which indi-
cates that researches are believers in its potential. The review will here be limited
to presentation of some studies addressing two of the most important aspects in
this context: (1) imaging ellipsometry readout for achieving high through-put and
(2) bioaffinity for achieving specificity.

Imaging ellipsometry provides a means to map the lateral thickness or surface
mass density variations on a surface. By using a beam with a large diameter, it is
possible to image a large area, e.g. 15 × 30mm2 [14]. An example of imaging of
4mm diameter spots of three different proteins is shown in Fig. 2.7. With a focusing
lens, small area, e.g. 60 × 200µm2 can be imaged [50]. Recently Gunnarsson et al.
[51] demonstrated time-resolved imaging with a sensitivity in surface mass density
of 1ng/mm2 and pixel size less than 0.5µm. Development of affinity biochips with
900 targets and ellipsometric readout has also been reported [52].

The development of imaging ellipsometry for biosensing based on protein layers
and as well as other layers has been pioneered by Jin and coworkers [53, 54]. Their
applications include detection of monoclonal antibodies from SARS (severe acute
respiratory syndrome) using virus, immobilized on silicon substrates, as antigen [55],
detection of the protein hormone human somatropin down to 0.0004 IU/ml [56],
detection of Riemerella anatipestifier (bacteria causing septicemia in birds) down to
5.2 × 103 CFU/ml using immunoglobulin as sensing layer [57], detection of tumor
markers for cancer diagnostics down to 10U/ml [58, 59], biological amplification for
detection of alpha-fetoprotein in cancer diagnostics down to 5ng/ml [60], detection
of duck hepatitis virus down to 8 × 10−9.5 LD50/ml using polyclonal antibodies on
silicon [61], detection of hepatitis B virus markers down to 1mg/ml [62], and more.

Proof of concept of using imaging ellipsometry for immunosensors have also been
given by Bae and coworkers. They showed a detection limit of 10ng/ml for insulin
[63], detection of the bacteria Legionella pneumophila down to 103 CFU/ml [64]
and the bacteria Yersinia enterocolitica also with detection limit 103 CFU/ml [65].

In most cases, the sensitivity of ellipsometry for detection of adsorbing molecules
is sufficient for immunoassays. However, if increased sensitivity is required, one can
employ SPP-enhancement as discussed in Chap. 18 in this book. An example of such
an application, of relevance for diagnosis of Alzheimer’s decease, is a label-free
direct immunoassay for detection of β-amyloid peptide (1-16) using monoclonal
antibodies immobilized on a gold surface [66].

A complement or alternative to use biochemical specificity is to use optical speci-
ficity, e.g. fluorescence or chemiluminescence. Hinrichs et al. [45] suggest the use of
infrared spectroscopic mapping ellipsometry. Areas of 6 × 6mm2 with a resolution
of 300 × 300µm2 were mapped and protein amide bands were identified. The draw-
back is that currently infrared radiation from a synchrotron beam line is required.

In conclusion we find that affinity-based biosensing with ellipsometry can pro-
vide sufficiently low detection limits for many important clinical applications and
compares well with alternative methods. In addition it is a label-free technique.

http://doi.org/10.1007/978-3-642-40128-2_18
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Fig. 2.7 a Off-null ellipsometry irradiance measured on a silicon surface patterned with 4mm
diameter protein spots. Fib, HSA and h-IgG corresponds to fibrinogen, human serum albumin
and human immunoglobulin G, respectively. b Three- dimensional visualization of the irradiance
distribution. Reprinted from [14] with permission from American Institute of Physics
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2.4.4 Other Applications

Protein Adsorption as a Surface and Thin Film Probe Protein adsorption has
been used as a probe for testing the biocompatibility and other functionalities of sur-
faces and thin film materials. Gyulai et al. studied biodegradable polyesters for drug
carrier systems and used adsorption of BSA to determine how protein repellent the
polyester surface is [67].Mikhaylova et al. used lysozyme andHSAasmodel proteins
with different charge to probe complex adsorption responses on hydroxyl-terminated
hyperbranched aromatic polyester thin films [68]. They found that a thicker polyester
film resulted in a lower BSA adsorption probably coupled to a higher hydrophilicity.
Warenda et al. [69] studied HSA interaction with oligosaccharide-modified hyper-
branched poly(ethylene imine) films and found that HSA adsorption was below
50ng/cm2 under certain conditions. A low protein adsorption is crucial for the use
of these films in biosensors. BSA has also been used to test biocompatibility of thin
films of tantalum, niobium, zirconium and titanium oxides [70] and HSA to test
biocompatibility of thin polymer brushes [71] (see also Chap.6).

2.5 Outlook

It is no doubt that ellipsometry, especially in spectroscopic and imaging modes,
is among the most valuable tools for studying protein adsorption on solid sur-
faces including possibilities to follow dynamics of a thin film structure. Among
the new developments now being mature are spatial imaging ellipsometry with
potential applications in high-through put screening of bioadsorption but also in
surface mapping in general. A representative example is the investigation of light-
activated affinity micropatterning of proteins using imaging ellipsometry [72]. Such
spatially resolved immobilization of proteins may find applications in surface control
of biomaterials and tissue engineering, multi-analyte biosensors, clinical assays and
genomic arrays.

Time-resolved spectroscopic ellipsometry and time-resolved imaging ellipsome-
try have so far only a few applications. Internal reflection ellipsometry is also mature
and holds great promises due to its extreme sensitivity if the SPP phenomenon is
utilized as is discussed in Chap.18 of this book. Infrared spectroscopic ellipsometry
is a technique with large promises in the life science area in general and in partic-
ular for protein adsorption studies. IRSE allows describing composition, structure
and layer thickness in the same measurements. Ellipsometry is sometimes combined
with other in situ techniques including potentiometry, impedance spectroscopy and
quartz-micro balance (see also Chap.17). The latter has been proven to be a powerful
combination in structural analysis of thin protein films [20, 21].

A major problem is technology transfer from the scientific community to col-
leagues in industrial and clinical laboratories, especially for biosensor applications.
Perhaps we have to wait for an ellipsometer on a chip.

http://doi.org/10.1007/978-3-642-40128-2_6
http://doi.org/10.1007/978-3-642-40128-2_18
http://doi.org/10.1007/978-3-642-40128-2_17
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Chapter 3
DNA Structures on Silicon and Diamond

Simona D. Pop, Karsten Hinrichs, Sylvia Wenmackers,
Christoph Cobet, Norbert Esser and Dietrich R. T. Zahn

Abstract In the design of DNA-based hybrid devices, it is essential to have knowl-
edge of the structural, electronic and optical properties of these biomolecular films.
Spectroscopic ellipsometry is a powerful technique to probe and asses these proper-
ties. In this chapter, we review its application to biomolecular films of single DNA
bases and molecules on silicon and diamond surfaces characterized in the spectral
range from the near-infrared (NIR) through the visible (Vis) and toward the vacuum
ultraviolet (VUV). The reported optical constants of various DNA structures are of
great interest, particularly in the development of biosensors.

3.1 Introduction

Nearly two decades ago, Murphy et al. released the first suggestion of long range
electron transport in the deoxyribonucleic acid (DNA) helix [1]. Since then, many
researchers have aimed to clarify the true electronic behavior of DNA. Most studies
report a semiconducting [2–5] to conducting-like [6] character, but also insulating
characteristics have been found [7], and later superconductivity if DNA at low tem-
peratures [8]. This lack of consensus is at least partially due to the large variation
in the experimental condition, which may influence the molecular conformation,
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the contribution of contact resistance, etc. In any case, the exact nature and mecha-
nism of conduction are still not fully determined and understood [9]. Nevertheless,
in the development of the next generation of molecular electronics devices using
DNA, which typically involve layers of immobilized DNA molecules, it is essential
to gain a better knowledge of the optical and electronic properties of such DNA
layers. Hitherto, numerous molecular electronics devices, including nanowires [10–
12], transistors [4, 13–15], and magnetic valves [16], have been suggested or some
prototypes have been realized. Yoo et al. have demonstrated for the first time the pos-
sibility of a DNA-based field effect transistor (FET) operating at room temperature
[15], thus opening the research field of DNA-based molecular electronic devices.
Charge migration through DNA takes place via the overlap of the π orbitals in adja-
cent base pairs, adenine-thymine (A-T) and guanine-cytosine (G-C). Hence, besides
entire DNA molecules, also the single DNA bases are considered to be potential
charge transport molecules. Mauricio et al. studied a FET based on a modified single
DNA base-guanosine reporting that the prototype bio-transistor gives rise to a better
voltage gain compared to carbon nanotubes (CNTs) [17].

A fundamental issue for designing DNA hybrid devices is the determination of
structural, electronic and optical properties of such biomolecular films on inorganic
substrates. Particularly the knowledge of the dielectric functions and/or of the opti-
cal constants—i.e. refractive index—(n) and absorption coefficient—(k) becomes
essential. The dielectric function is one of the most fundamental magnitudes, which
correlates both to electronic and to optical characteristics but also to the structure
of the material. Therefore, ellipsometry is a powerful technique that addresses and
solves such fundamental aspects.

The purpose of this chapter is to confirm that spectroscopic ellipsometry is a
suitable optical method which contributes also to the field of biomolecular films,
particularly DNA-based ones. The chapter aims to give a concise survey of the
current ellipsometric studies performed so far of DNA structures on technologically
relevant substrates such as silicon and diamond.

The majority of currently published ellipsometric studies concentrate on the
immobilization and grafting process of DNA onto suitable substrates. These types
of DNA experiments are intended to promote biosensor applications: they apply
ellipsometry only as a characterization method for the biosensitive layer during the
research and development phase. In a minority of the studies, ellipsometry is envi-
sioned as the detection method in the finished biosensor. Recently, Demirel et al.
reported such a novel DNA-biosensor based on ellipsometry [18]. In this study the
main objective was to use the self-assembled monolayers (SAMs) with functional
groups as a platform for oriented (active) immobilization of the probe-ssDNA onto
silicon surfaces for better hybridization and detection of the target complementary
ssDNA by ellipsometry [18]. Elhadj et al. proved that ellipsometry can discriminate
between ssDNA and dsDNA structures, reporting that the refractive index of dsDNA
is higher than that of ssDNA by 5% [19]. Other ellipsometric study such as of the
covalently attachedDNA layers on diamond surfaceswere approached byWenmack-
ers et al. [20]. In this case, the DNA’s optical constants derived from ellipsometry
data were reported in the UV-VUV spectral range. Previous optical constants of
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a DNA film on a mesh nickel screen were calculated from standard transmission
measurements using the Kramers-Kronig relation [21].

The usage of the DNA structures in the area of FETs often requires the prepara-
tion of the DNA films by thermal evaporation under vacuum conditions. The great
advantage of such a procedure, known in the literature as organic molecular beam
deposition (OMBD) [22], stems from the high degree of molecular ordering onto
the substrate, purity, but also film homogeneity. DNA bases were prepared as thin
films on hydrogen-terminated H:Si(111) surfaces by OMBD under ultra-high vac-
uum conditions and their near-IR (NIR)-Vis-VUV dielectric functions have been
firstly reported by our group [23]. The anisotropic dielectric functions of the purines
(i.e. adenine and guanine) films were derived from a uniaxial optical model, while
the dielectric functions of the pyrimidines (i.e. cytosine and thymine) were found to
be isotropic. Particularly, the anisotropic dielectric function of guanine was deduced
independently in the mid-IR (MIR) and NIR-Vis-VUV spectral ranges. From the
analysis of both vibrational and electronic transitions, a planar orientation of the
guanine molecule with respect to the silicon surface was inferred [23, 24]. The in situ
VUV-SE experiments using synchrotron radiation performed so far either on DNA
bases or DNA molecular strands has not revealed any UV-damage, proving that this
optical technique is a non-destructive characterization method for this application.

As next, the chapter briefly outlines several aspects regarding the optical modeling
used so far in the analysis of the ellipsometry spectra of various DNA structures.
Finally, the chapter reviews selective applications of spectroscopic ellipsometry to
different DNA structures on inorganic substrates like silicon and diamond.

3.2 Dielectric Function

The dielectric constant of a material, ε̃, at a fixed wavelength of incident light is a
complex number that can be expressed as ε̃ = ε1 + iε2 or as ε̃ = ñ2 with ñ = n + ik,
where n is the refractive index and k is the absorption coefficient of the material. The
variation of this dielectric constant upon the angular frequency (or photon energy) of
the incident light is referred to as dielectric dispersion and can be represented by the
dielectric function, ε̃(ω). This function can be described in the linear optics model
by the classical oscillator model as

ε̃(ω) = 1 + χ̃el(ω) + χ̃vib(ω) + χ̃ f c(ω) with ε̃(ω → ∞) = ε∞ (3.1)

where mainly three frequency-dependent contributions are considered: χ̃el ,—which
is the susceptibility of valence electrons involved in the electronic (interband) transi-
tions, χ̃vib,—which is the susceptibility of the collective vibrations of atoms or intra-
band transitions, and χ̃ f c, which describes the presence of the free-charge carriers.
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Fig. 3.1 Sketch of an
electronic transition showing
the HOMO (ground state)
and LUMO (first excited
state) levels of a DNA base,
guanine

In general case, ε is a tensor which can be reduced to a complex scalar for isotropic
materials or to a direction dependent dielectric function in the situation of anisotropic
materials.

In particular, the electronic (interband) transitions are observed fromNIR through
Vis to VUV spectral photon energy range. Figure3.1 schematically shows the first
electronic transition from the ground state to the first excited state of a DNA base,
guanine. The highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) electronic transition has a π–π∗ character and the corre-
sponding energy difference is also called the optical band gap, Eopt.

Now, the measured (effective) dielectric function of an optically isotropic sample
(such as DNA film on a substrate) during a spectroscopic ellipsometry measurement
is given by the following relation:

〈ε〉 = sin2 φ0 + sin2 φ0 tan
2 φ0

[
1 − ρ

1 + ρ

]
(3.2)

where φ0 is the angle of incidence and ρ = tanΨ ei	, with Ψ and 	 as ellipsometric
parameters.

The relation (3.2) is not valid in the case of an anisotropic biomolecular film on
the substrate, where the optical response of the film should be described by several
layers. Further details regarding the optical modeling of the anisotropic samples are
given in the introductory chapter on the spectroscopic ellipsometry (Chap. 1) and
Chap.13, which are included in this book.

In the ellipsometric analysis of the optical behavior of the DNA structures two
classical oscillatormodels, namelyLorentz andGaussianwere used so far [18–20, 23,
24]. For the symmetric Lorentz (3) and Gaussian (4) oscillator models, ε2 is defined
by the summation of n Lorentz or Gaussian functions, each being parameterized by
the peak energy of each oscillator (E0n), its amplitude (An) and its broadening (Brn)
in eV as follows:

http://doi.org/10.1007/978-3-642-40128-2_1
http://doi.org/10.1007/978-3-642-40128-2_13
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Fig. 3.2 Two sample analysis in the case of guanine films on H:Si(111) in the NIR-Vis-VUV
spectral range. The figure is modified after [23]

ε2 =
∑
n

AnBrnE0n

E2
0n − E2 − iBrn E

(3.3)

and
ε2 =

∑
n

[
Ane

−((E−E0n)/Brn)2 + Ane
−((E+E0n)/Brn)2

]
. (3.4)

Figure3.2 shows a concrete example of two sample analysis of spectroscopic ellip-
sometry data of DNA base-guanine on silicon. Here, the optical response of both
biomolecular films was best described by a uniaxial anisotropic model (εx = εy
�= εz) consisting of either two dispersion functions for the refractive index (where
k = 0) or two sets of Gaussian oscillators (where k �= 0). The optical axes are cor-
responding to the perpendicular and parallel directions defined with respect to [111]
direction of the silicon substrate [23]. The uniaxial optical model was chosen in con-
junction with X-ray diffraction measurements. The multi-sample analysis (MSA)
procedure has been employed in order to ensure the accuracy of the derived dielec-
tric function, especially for the optical component normal to the surface from the
employed uniaxial optical model [25, 26]. In the MSA, several films with different
thicknesses, but the same optical constants can be coupled together in the simula-
tion to avoid the correlation between parameters during the simulation procedure.
Another option to avoid the correlation between parameters is to vary the angle of
incidence [25].
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3.3 Applications to Thin Biomolecular Films

3.3.1 Single DNA Bases

An ellipsometry investigation of the thin films of DNA bases performed by our group
revealed that the DNA bases are strongly absorbing in the UV-VUV spectral range,
having the absorption onset in the near ultra-violet (UV) region [23]. The DNA
base films were grown onto hydrogen-passivated Si(111) surfaces by OMBD under
high vacuum conditions. Different film thicknesses, ranging from 40–120nm, were
investigated in order to carry out a MSA with the aim of extracting accurate optical
constants using sufficient experimental data. In situ VUV-SE measurements were
performed in the energy range between 4 and 9.5eV under an angle of incidence
of 68° by a home-built ellipsometer, using synchrotron radiation as the light source
at BESSY II [27, 28]. Afterwards, the biomolecular films were investigated ex situ
via spectroscopic ellipsometry (NIR-Vis-SE) in the energy range of 0.8–5 eV under
various angles of incidence, using a commercial ellipsometer. Figure3.3 shows an
overview of the measured ellipsometric spectra of a 84nm thick guanine film and
the derived dielectric function in the MIR and NIR to VUV photon energy range, the
later from the MSA. The simulated data for the MIR spectral range are thoroughly
explained by Hinrichs et al. in the following [24].

In the NIR-VUV spectral range a three-layer model was considered, namely sub-
strate/guanine film/surface roughness. The surface roughness layer described by an
EMA approach was neglected in the MIR, since its influence is within the experi-
mental error. On the other hand, in the VUV range, the probing wavelength is much
smaller, whichwould result in surface roughness influences of the ellipsometric spec-
tra above the error of the measurements. The optical response of guanine films was
described by a uniaxial model in accordance with X-ray diffraction (XRD) measure-
ments which revealed a planar orientation of the molecules. For the simulation of the
NIR-VUV ellipsometric spectra, Gaussian oscillators and for the MIR ellipsometric
spectra Lorentzian oscillators have been used. The anisotropic dielectric function of
guanine is shown in Fig. 3.3b where the ordinary contribution is larger compared to
the extraordinary contribution. This situation points to a mainly planar orientation
of the guanine molecules with respect to the silicon substrate in agreement with
the XRD. Characteristic vibrational and electronic transitions having their transition
dipole moments in the molecular plane are indicated together with the concluded
overall molecular arrangement [23, 24]. In the MIR-SE analysis the refractive index
nxy∞ = 1.76, nz∞ = 1.45 and the thickness values determined from visible data
have been used as input for determining the dielectric function in this spectral range.
These were obtained from the non-absorbing spectral range of (0.8–3eV) from a two
sample analysis, 62 and 84nm, respectively (see Fig. 3.2).

In the case of the cytosine films, the thickness dependence of the optical proper-
ties in the MIR spectral range hindered the usage of a standard MSA. Ellipsometric
investigations performed on different film thicknesses of the DNA base-cytosine
deposited on H:Si(111) surfaces revealed that IR-SE is additionally sensitive to the
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Fig. 3.3 (a)Measured ellipsometric spectra of a 84nm thick guanine filmonH:Si(111); (b) Derived
dielectric function of highly ordered guanine film from MIR to VUV. The in-plane and out-of-
plane contributions are labeled with respect to the substrate’s surface. Note the pronounced optical
anisotropy related to the dipole orientation of both vibrational and electronic excitations. The overall
planar orientation of the guanine molecules onto H:Si(111) surface is schematically shown in the
insets. The figures are modified after [23, 24]
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Fig. 3.4 Measured MIR
ellipsometric spectra of
various cytosine films on
H:Si(111) taken under an
angle of incidence of 60°. In
the inset, the molecular
structure of the cytosine is
shown

structural changes within the organic films having different thicknesses (see Fig. 3.4).
The change in the relative intensities of the in-plane vibrational modes in the fre-
quency range between 1600 and 1750cm−1 with the film thickness denotes a gradual
change in the molecular orientation of cytosine from thin to thick layers. In this par-
ticular situation, there is no suitable optical model available in the current literature
which can describe such complex behavior where the optical modeling is challenged.

3.3.2 Single- and Double-Stranded DNA Molecules

As previously mentioned, DNA can be single- or double-stranded (ss-ds); in the lat-
ter case, two complementary strands form a double helix. If ssDNA of an unknown
sequence binds with ssDNA probes (with a known sequence) thereby forming
dsDNA, one can infer the sequence of the unknown DNA. This binding of com-
plementary ssDNA is the working principle of a DNA sensor, in which a layer of
probe ssDNA is usually attached to the surface of a suitable material, such as silicon
or diamond, using a linker layer.

The characterization of a DNA chip by ellipsometry has been reported by Gray
et al. [29]. Figure3.5a shows the layer structure of the DNA chip in which a 14 base
oligonucleotide (ssDNA molecule) is supported by linkers formed on a SiO2/c-Si
substrate. The linker used is an organic layermainly composed of Si–OandO–(CH2)n
groups and the ssDNA molecule has the following sequence ATCATCTTTGGTGT.
The thickness of each layer was determined by a single wavelength ellipsometer
(λ = 632.8nm, HeNe laser). From the analysis of the linker/SiO2/c-Si structure,
d = 19.3nm and n = 1.460 were obtained as the thickness and refractive index of
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Fig. 3.5 aLayer structure of a ssDNAchip analyzed by spectroscopic ellipsometry.bSpectroscopic
ellipsometry spectra (Ψ,	) taken at a point on (i) a wafer, (ii) a linker-covered wafer, and (iii)
oligonucleotides (ssDNA) synthesized on the linker-covered wafer. Reprinted with permission
from Gray et al., Langmuir 13, 2833–2842 (1997). Copyright 1997, American Chemical Society

the linker layer, respectively. For SiO2 and c-Si, tabulated optical constants were
used. In this case, one can determine n and d of the linker directly from measured
(Ψ,	) values, provided that there are no surface roughness and interface layers.
Finally, by analyzing the DNA/linker/SiO2/c-Si structure using n = 1.460 (linker),
the thickness and refractive index of the ssDNA were estimated to be d = 9.5nm
and n = 1.462, respectively. This refractive index is consistent with that reported by
S. Elhadj et al. [19]. Often it is required, especially for very thin films, to combine
ellipsometry measurements with transmission, reflection data to reduce the strong
correlation between n and d [25]. Therefore, in order to confirm the ellipsometry
results Gray et al. have additionally used interferometry measurements [29].
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Fig. 3.6 Optical constants
(n, k) of a DNA monolayer
immobilized on a Si/SiO2
substrate. Reprinted with
permission from S. Elhadj et
al., Langmuir 20, 5539–5543
(2004). Copyright 2004,
American Chemical Society

From the study using spectroscopic ellipsometry, it has been reported that the
optical constants of DNA can be expressed by the Lorentz model with a single oscil-
lator at 4.87eV (254nm) for both ssDNA and dsDNA, and that the refractive index
of dsDNA is higher than that of ssDNA by∼5% [19]. S. Elhadj et al. proved that it is
basically possible to detect the change from ssDNA to dsDNA by using the ellipsom-
etry technique. The optical constants shown in Fig. 3.6 were obtained from the ellip-
sometry data using the following four-layer structure: Si/SiO2/SMCC crosslinker
and aminosilane/DNA. In order to validate the optical absorption expressed by the
Lorentz oscillator at 4.87eV (254nm) from the ellipsometry data, UV-Vis absorp-
tion spectroscopy was additionally employed. The UV-Vis spectrum reveals a strong
absorption at a wavelength of 258nm (4.81eV). An excellent consistency within
<1.5% deviation between the simulated oscillator energy using the Lorentz func-
tion and the measured UV-Vis absorption was an important validation for the model
used. The electron delocalization effect in this frequency range is negligible since no
change in the absorption coefficient could be observed. The investigated monolayers
of ssDNA and dsDNA had the average thicknesses of 6.5 and 4.9nm, respectively.
The difference of 5% in the refractive index n could not be explained by the effect
of the increased density due to the increase in the molecular mass from ssDNA to
dsDNA, which would give rise to a difference of about 25% [19].

In the context of biosensor research, DNA has also been immobilized on the
surface of synthetic diamond. Figure3.7 depicts the determined optical constants
(n, k) of a thin ssDNA film on nanocrystalline diamond (NCD) using ellipsometry
in the UV-VUV spectral range by Wenmackers et al. [20]. In this work a monolayer
of 250bp (base-pairs) dsDNA was end-grafted on NCD surfaces, using a two-step
protocol, involving the photo-attachment of fatty acids to forma linker layer, followed
by the covalent DNA attachment using a zero-length cross linker. The resulted dry-
dsDNA monolayer had the film thickness of about 9nm and a refractive index,
n∞ = 1.51, as determined from visible energy range which is in agreement with the
previous reports [19]. In order to simplify the optical modeling, the measured NCD
substrate together with the attached linker has been considered as final substrate
for the ds-DNA film. The optical response of the dry-dsDNA film was described
by a sum of four Lorentz oscillators and one asymmetric Tauc-Lorentz oscillator at
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Fig. 3.7 a Derived optical constants (n, k) of the covalently attached monolayer of 250bp dsDNA
on NCD (nano-crystalline diamond). b The assignment of the first two electronic transitions of
DNA molecules is schematically shown. Reprinted with permission from S. Wenmackers et al.,
Langmuir 24, 7269–7277 (2008). Copyright 2008, American Chemical Society

Fig. 3.8 Optical constants,
n and k, of a 71.5nm thick
dry DNA (sodium salt of calf
thymus) film on 750 mesh
nickel screens. Reprinted
with permission from
T. Inagaki et al., J. Chem.
Phys. 61, 4246–4250 (1974).
Copyright 1974, American
Institute of Physics

higher photon energies, centered at about 13eV. The derived line-shape of optical
absorption is in perfect agreement with the previous transmission data of a thicker
DNA film reported by Inagaki et al. as shown in Fig. 3.8 [21].

The energy positions of the employed Lorentz functions are indicated by arrows.
The typical π–π∗ electronic transition of the DNA molecule is observed at 4.74eV
(261nm) in agreement with the values reported by Inagaki et al. [21]. Although, it is
well known that UV-irradiation can damage DNA [30–32], but the presence of this
non-shifted π–π∗ electronic transition suggests that UV dose is low enough during
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the VUV-SE measurement for the DNA layer to remain intact. This absorption band
is assigned to the π–π∗ electronic transitions of the single DNA bases [21, 23]. In
the higher energy range the absorption structures are dominated by mixed π–π∗ and
σ–σ ∗ electronic transitions which belong to both single bases and sugar phosphate
groups [21].

The steep increase in the absorption above 7eV is mainly due to σ–σ ∗ transitions
of the phosphate groups [21]. The lowest electronic transition at 4.47eV (277nm)
assigned as an n–π∗ transition is a fingerprint for the molecular orientation, but
also discriminates between the ss and ds conformation of DNA molecules [33, 34].
The molecular orientation can be deduced, knowing that the n–π∗ transition dipole
moment is directed along the dsDNA backbone, which is perpendicular to the π–π∗
transition dipole moments of the individual bases. Here, the optical response of
the 250bp dsDNA layer is isotropic, meaning that the DNA molecules are mostly
randomly distributed on theNCD substrate. Some general aspects ofmodeling uncer-
tainty pertaining to this case have been discussed in [35].

Inagaki et al. have calculated the optical constants (n, k) of a 71.5nm thick dry
DNA film on a nickel screen from transmission measurements based on Kramers-
Kronig relation (see Fig. 3.8). The optical constantswere derived in the photon energy
range of 2–82eV. So far, this is the only experimental evidence revealing a new and
strong optical absorption structure of DNA located at about 13.8eV, in agreement
with our previous assumption regarding DNA’s absorption in a higher photon energy
range above 9eV.Moreover, this report challenges future ellipsometry investigations
of DNA structures using as light source the synchrotron radiation in an extended
photon energy range, well-above 9eV which generally coincides with the limit of
the standard laboratory ellipsometers.

3.4 Summary

This chapter reviewed the current state-of-art of the applications of ellipsometry to
a very important biological system like DNA. From the few currently existing DNA
investigations using ellipsometry, it highlighted selective applications to molecular
films of singleDNAbases aswell as of differently configured (ss, ds) DNAmolecules
attached to technologically relevant substrates, to wit silicon and diamond. During
these ellipsometry studies, no UV-damage to the different DNA structures (either
as single bases or as molecular strands) has been reported, ascertaining the non-
destructiveness of the spectroscopic ellipsometry. The distinction in the refractive
index between the different types of molecular DNA strands confirmed the high
sensitivity of the ellipsometry technique to structural changes. Some challenges in
the opticalmodeling of the complex ellipsometry data, such as those of theDNAbase,
cytosine, remain to be solved. Nevertheless, the optical constants (or the dielectric
function) of variousDNAstructures are successfully determined andmade accessible
for future biotechnological applications.
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Chapter 4
Thickness and Beyond. Exploiting
Spectroscopic Ellipsometry and Atomic
Force Nanolithography for the
Investigation of Ultrathin Interfaces of
Biologic Interest

Pietro Parisse, Ilaria Solano, Michele Magnozzi, Francesco Bisio,
Loredana Casalis, Ornella Cavalleri and Maurizio Canepa

Abstract The evaluation of thickness, refractive index, and optical properties of
biomolecular films and self-assembled monolayers (SAMs) has a prominent rele-
vance in the development of label-free detection techniques (quartz microbalance,
surface plasmon resonance, electrochemical devices) for sensing and diagnostics.
In this framework Spectroscopic Ellipsometry (SE) is an important player. In our
approach to SE measurements on ultrathin soft matter, we exploit the small changes
of the ellipsometry response (δΔ and δΨ ) following the addition/removal of a layer
in a nanolayered structure. So-called δΔ and δΨ difference spectra allow to recog-
nize features related to the molecular film (thickness, absorptions) and to the film-
substrate interface thus extending SE to a sensitive surface UV-VIS spectroscopy.
The potential of ellipsometry as a surface spectroscopy tool can be boosted when
flanked by other characterizations methods. The chapter deals with the combined
application of broad-band Spectroscopic Ellipsometry and nanolithography meth-
ods to study organic SAMs and multilayers. Nanolithography is achieved by the
accurate removal of molecules from regularly shaped areas obtained through the
action of shear forces exerted by the AFM tip in programmed scans. Differential
height measurements between adjacent depleted and covered areas provide a direct
measurement of film thickness, which can be comparedwith SE results or feed the SE
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analysis. In this chapter we will describe the main concepts behind the SE difference
spectra method and AFM nanolithograhy. We will describe how SE and AFM can
be combined to strengthen the reliability of the determination of thickness and, as
a consequence, of the optical properties of films. Examples will be discussed, taken
from recent experiments aimed to integrate SE and AFM nanolithography applied
to SAMs and nano layers of biological interest. By analysing in detail the changes
of the spectroscopic features of compact versus non-compact layers and correlating
such changes with the post-lithography AFM analysis of surface morphology SE
unravels the specific versus unspecific adsorption of biomolecules on gold surfaces
functionalized with suitable SAMs.

4.1 Introduction

The design of bioanalytical devices calls for gentle methodologies dedicated to the
accurate surface characterization of sensing elements and sensing processes. Several
biosensing strategies rely on the controlled immobilisation of analytes via selective
adsorption on specific sites. Self Assembled Monolayers, SAMs, provide a versatile
route to achieve the desired surface functionality [1–3]. Functional SAMs conjugate
operative simplicity and quality and are integrable in nanopatterning platforms [2,
4, 5].

The immobilisation process can be monitored for example by measuring the
induced mass transfer and/or increase of thickness of the surface film. The quan-
titative analysis of structural and optical properties of SAMs [6], veritable ultrathin
films at the nanometre scale, requires specific approaches that ensure the smallest
perturbation to the sample; this is a key issue in experiments dealing with deli-
cate biomolecules. Light provides gentle methods of analysis of soft ultrathin films.
Optical methods are suitable for the investigation in the aqueous environment of bio-
logical samples and are also a simple probe for monitoring relatively slow molecular
adsorption/desorption processes [7, 8].

Information about the thickness evolution, and possibly on other morphologi-
cal/structural parameters of films, has to be “extracted” through the comparison of
experimental data with optical models of the layered system under investigation
(substrate/film or substrate/interface/film). Within Fresnel optics, the film thickness
d is usually a free parameter to be determined by fitting [9, 10]. Models are even-
tually based on some educated guesses about the structure and optical properties of
the film. This important aspect, shared by all optical methods, remains sometimes
hidden in routine practice of “user friendly” Surface PlasmonResonance (SPR) com-
mercial instruments, which are very popular in biomedical laboratories as they are
able to provide “quick” response. Spectroscopic ellipsometry users should in prin-
ciple be compelled to confront these issues directly and critically, if they want to
derive reliable information from the output of their instruments, that is the somewhat
“enigmatic” Ψ,Δ spectra. Since pioneering experiments in the field of SAMs [11]
ellipsometry was often confined to the role of ancillary method to obtain estimates
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of film thickness, which is a key quantity in the science of ultrathin films. It is worth
noting that passing from the stage of quick analysis to a more profitable use able to
exploit the great potential of SE as an UV-VIS spectroscopic represents a task which
requires the development of specific skills. As it is well represented in this book and
we hope also in this chapter, the effort is often rewarded with information which go
beyond the sole thickness estimate.

Small optical paths inside the film represent an obstacle towards the contemporary
determination of thickness and optical properties of ultra thin films [12]. Especially
for transparent films the thickness is highly correlated to the refractive index [9, 10,
13]. One can extrapolate reasonable values of the film refractive index from bulk
references of the same or related substance, and obtain fair thickness estimates. This
approach has been often adopted, for example in the popular case of alkanethiols
SAMs on gold (see [14] and references therein). Problems may be worse when film
and substrate have similar index of refraction in the transparency range. In this case
which is encountered for many organic and biologic films on glass is certainly useful
to combine SEwith an Infrared SE (IRSE) investigation ofmolecular vibrations [15].

Indeed, in order to exploit the full potential of ellipsometry as an UV-VIS spec-
troscopy it is to some extents necessary to flank the optical investigation with other
thin film/surface characterization methods. Such methods should hopefully exploit
the same experimental conditions as to the system preparation and should preferably
provide independent information.

An independent determination of thickness, especially for not-too-thin films can
be provided, as done e.g. in [16], byX-ray reflectivitymeasurements but this approach
could be perturbative and “complicate” in liquid. Regarding organic SAMs of small
molecules in particular, several synchrotron-based methods exploiting aborption or
reflectivity of soft X-rays can be profitably employed, with the necessary caution in
checking radiation damage effects [17]. Dichroic, resonant soft x-ray reflectivity at
the carbon K-edge is a promising method to complement SE regarding anisotropy
properties of ultrathin organic films [18].

Electrochemical methods such as impedance spectroscopy (EIS) require SAMs-
supporting substrates endowedwith specific electron-transfer properties; similarly to
ellipsometry, EIS requires a comparison between data and model simulations which
can be eventually affected by correlation issues [19].

An interesting option is provided by the combination of Spectroscopic Ellipsom-
etry and Quartz Crystal Microbalance which measures, after calibration, the amount
of substance forming the layer, conceptually independent from optical path [20, 21].

We will focus here on another appealing partner of optical spectroscopy methods
that is Atomic Force Microscopy (AFM) [22–25]. Usually AFM measurements are
used to check the surface morphology of SAMs and are important in the preparation
stage to assess the film quality. Naively, one could think to measure the thickness of
a film by AFM, using suitable masks for instance. However obtaining reliable and
accurate estimates on ultrathin soft matter films by simple imaging is a hard task.
Here we will pay attention to so-called AFM nanolithography methods. The most
simple and attractive example is perhaps represented by Shaving nano-lithography
[26] in which the accurate removal of molecules is obtained by exerting a shear
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force during a programmed areal scan. Once depleted areas with regular shape and
sharp contours are achieved, careful differential height measurements with adjacent
covered areas provide a direct measurement of film thickness, which can be used to
check fitting of SE data or to feed simulation models. Shaving, conceptually simple,
is therefore very appealing as it allows to operate on SAMs that have been prepared
under conditions that can be exploited also for ellipsometry measurements.

On the side ofSEmeasurementswe exploit the detailed analysis of thefine changes
of the ellipsometry response (so called δΨ , δΔ difference spectra) consequent to the
formation of an ultrathin film on a substrate or to the addition/removal of a layer
in a nanolayered structure. Our particular approach to difference spectra (δ-spectra)
has been refined in a series of experiments [14, 19, 27–29] and aims to extending
Ellipsometry to a sensitive surface UV-VIS spectroscopy [30].

The chapter is organized in three sections. In Sect. 4.2 we present and critically
discuss themethod of difference spectra applied to the analysis of softmatter nanolay-
ers. Several examples are shown, taken from our earlyworks dedicated to organic and
biologic Self-assembledmonolayers, a few nm thick, with some emphasis on thiolate
SAMs on gold. Basic concepts of AFM-based nanolithography are briefly presented
in Sect. 4.3. In Sect. 4.4 we address most recent experiments aimed to integrate spec-
troscopic ellipsometry measurements and AFM nanolithography to obtain detailed
information on the thickness and optical properties of nanolayered structures of bio-
logical interest. Focus will be devoted to studies about the bilayers formed after
the specific immobilization of biomolecules on gold surfaces functionalized with
suitable SAMs.

4.2 Optical Ellipsometry of Ultrathin Interfaces:
Difference Spectra

The amount of change in optical reflectivity and Ψ , Δ parameters after the deposi-
tion of ultrathin films depends, through Fresnel relations, on the interplay between
the ambient, film and substrate optical properties [31, 32]. Large substrate/film and
film/ambient refractive index mismatch as well as the presence of molecular optical
transitions in the investigated spectral range increase the sensitivity to the film. The
substrate/film optical contrast condition is often fulfilled (with some relevant excep-
tion as e.g. glass). More critical is the optical mismatch between ambient and film,
condition that is not satisfied for many biologic films in their most natural, aqueous
ambient. However, though very small, specially at the monolayer limit, δΨ and δΔ

may be inmany cases above the limit of sensitivity of good commercial spectroscopic
ellipsometers.

Let’s take the popular case of SAMs, notably those formed by organosulphur com-
pounds on gold surfaces. Since early developments in the field, optical ellipsometry
methods have been considered as routine tools to obtain gentle estimates of the SAM
thickness [2, 33]. Approaches polarized on the film thickness determination left aside
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the actual spectroscopic potential of optical ellipsometry. And indeed, whereas IRSE
has been regularly exploited to investigate the adsorption configuration of molecules
[34–39], the use of optical ellipsometry to obtain spectroscopic insight on the SAMs
has been comparatively much less frequent.

Shi and coworkers were likely the first to propose a SE study dedicated to the
dielectric properties of alkanethiols monolayers deposited on polycrystalline Au
films [40]. The study, in liquid, considered molecules with different alkyl chain
length. Datawere presented as difference spectra, as convenientmethod to emphasize
the subtle film-induced changes [9, 41]. The difference spectra were naturally ref-
erenced to the bare substrate results, in practice δ(Ψ,Δ) = (Ψ,Δ) f ilm − (Ψ,Δ)Sub
(or δ < ε >=< ε > f ilm − < ε >substrate) [40]. Beyond the analysis of thickness
and index of refraction of films, the authors also addressed the SAMs-substrate inter-
face, an important issue to comprehend the electronic transport properties across the
interface.

Still considering differential approaches, the so-called d-parameter formalism
[42] was applied to the analysis of SAMs of aromatic thiols on gold [43]. These
molecules, of importance in the field of molecular electronics, differ from simple
alkanethiols since they present well-defined optical absorptions. The analysis model
allowed to extract, under several assumptions and ignoring the SAM-substrate inter-
face, the polarizability tensor of the adlayer molecules.

The difference-spectra approach was revisited by our group, dealing with alka-
nethiols and other thiols on gold. High quality data were obtained starting from uni-
form and ultraflat gold substrates.We could distinguish features of difference spectra
mainly related to the length of the molecular backbone, substantially determining
the film thickness, from those related to the thiol-Au interface layer. δΨ difference
spectra revealed a neat transition, at about 500nm, from positive to negative val-
ues in the red-NIR region (see Fig. 4.1). Though rather small (about −0.1◦), such
negative values were reproducible and substantially independent from the molecular
chain length. The negative NIR δΨ values could not be reproduced by simulations
that assumed a sharp interface [14] between an isotropic, transparent film and the
substrate (see also Fig. 4.2). This NIR spectral feature was not present in the case of
loosely bound SAMs [19] whereas it has been detected, withminor intensity variabil-
ity, for all the thiols on Au that have been investigated in several studies, including
aminoacids (L-Cysteine) [14] as well as alkane and aromatic dithiols [44–46]. Note
that the observation of this feature doesn’t depend on the particularly flat nature of
gold substrates we used in many works, since negative δΨ NIR values have been
observed also in the case of thiols adsorption onto/into nano-granular gold sam-
ples [47] formed by the pile-up of nanoparticles [48, 49]. More recently, analogous
negative NIR features were also detected for selenolate SAMs on gold [50].

The negative NIR δΨ values could be reproduced by simulations accounting for
a so-called transition layer which may be related to the formation of the molecule-
surface covalent bonds [51]. Effective models (the most practicable consisting of a
Bruggeman EMA [51], as it is detailed below and in Fig. 4.2) were used to model
the transition layer and allowed to advance an interpretation in terms of a broad-
range Drude-like band with spectral weight smoothly increasing toward the IR [14].
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(a) (b)

Fig. 4.1 a SE difference spectra (ex-situ) for SAMs of alkanethiols with different alkyl chain
length (so-called C6, C12, C18) on gold. Angle of incidence 65◦. Note the δΨ transition (at 500–
550nm) to negative values, practically the same for the three molecules. b Comparison between
experimental spectra (symbols; angle of incidence 70◦) and simulations (lines) for C18 SAMs.
Dashed lines (green): the model assumed a sharp interface between a transparent layer and the
substrate: Negative δΨ values are not reproduced. Dotted (blue) and continuous lines (red) show
simulations obtained with effective models for the molecule-Au interface layer whose dielectric
functions are shown in the insets (details in [14])

Endorsing an optical reflectivity study [52], this band was assigned to modifications
of the scattering of conduction electrons in the near surface region. These modifica-
tions could be associated to morphological changes at the nanoscale induced by the
formation of the chalcogenide-Au bonds. Several papers, including recent reviews,
have discussed the complex nature of the thiol-gold interface. This issue still presents
several aspects to be clarified, regarding for instance peculiar dynamical aspects such
as the mobility of thiolates, gold adatoms and gold-thiol complexes, to mention a
few factors that can affect the electron scattering properties at the interface [53–56].

The transition layer provided an effective rationale of the complex of experiments
that we performed on several thiolate SAMs. Other interesting factors may be con-
sidered. The most relevant concerns optical anisotropy. Many SAMs, for example
well-ordered long-chain alkanethiol or dithiol SAMson gold films, are uniaxial films.
Early works pointed out that in the case of very thin thickness, ellipsometry cannot
disentangle uniaxial from isotropic films [32]. Our effective models always consid-
ered isotropic layers. Dignam and coworkers, in a seminal paper, showed that if a
very thin transparent uniaxial film on an absorbing substrate, such as ametal (in prac-
tice our case), is modelled as isotropic, the analysis of data may lead to an effective
absorptive behaviour for the film [32]. According to simulations we performed for
uniaxial transparent films on Au, with reference to the isotropic film case, anisotropy
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Fig. 4.2 Simulations of SE data (difference spectra) based on a simple F|I|S model, in which an
interface transition layer (BEMA approximation) I is sandwiched between the substrate S and a
transparent film F . All the simulations were obtained for the indicative value of nF = 1.4. The
ambient is vacuum (or dry air). a–b Effect of the variation of the interface thickness dI from 0 to
0.3nm, at given dF (2nm) and BEMA layer fractions ( fF = 0.5); note the negative δΨ values for
λ > 550nm. Instead, the NIR δΔ values depend on the total dF + dI thickness. c–d Effect of the
variation of dF from 1 to 3nm, with dI = 0.2nm and fF = 0.5; note that NIR δΨ values are not
affected by dF

is not able to induce the observed NIR negative values and rather, it couples with the
film thickness.

In addition we note that sizeable negative δΨ NIR values were also observed in
control experiments performed for adsorption of H2S on gold (unpublished data) and
even after the electro-deposition of a copper atomic overlayer on gold [57] where
anisotropy effects should be negligible.

The detection of the small SAM-induced spectral changes are fully practicable in
in-situ measurements [14, 40, 58], in which the light beam probes the same zone of



70 P. Parisse et al.

the sample before and after the film formation. This was also nicely demonstrated
on the example of underpotential electro-deposition of an atomic Cu phase on gold
films where tiny variations of Δ and Ψ , of the order of 0.3◦ and 0.1◦, respectively,
could be monitored cyclically [57].

Regarding ex-situmeasurements,which inprinciple provide a favourable ambient-
sample optical mismatch, the macroscopic uniformity of the substrate surface
becomes the crucial parameter for the feasibility of the difference spectra approach.
In this respect it is worth mentioning that δΨ , δΔ values related to low thickness
(about 1nm) SAMs can be of the same size of the sample-to-sampleΨ ,Δ variability
for common gold substrates and sometimes of the zone-to-zone Ψ , Δ variability
observed on individual samples. An inaccurate choice of the substrate reference
spectra leads to systematic analysis errors, as it was discussed in other contexts of
application of difference spectra [41]. Laterally uniform substrates, protocols ensur-
ing the reproducible SAM formation and systematic averaging over many zones and
different samples (before and after the SAM deposition) are usually necessary to
obtain meaningful ex-situ results [14, 27].

We note that the “lineshape” and magnitude of δ-spectra depend on all the layers
of the multilayer system and basically on the ambient, the film, the substrate [32] and
eventually the ambient/film and film/substrate interface layers. The influence of the
ambient was discussed e.g. in [14, 28] and will be further discussed in Sect. 4.4. The
ambient should be “inert”, transparent in the optical range of interest, and provide a
good optical mismatch with the film (ex-situ measurements are favoured in this last
respect). The ambient can be particularly important in case it can “penetrate” the
film, as e.g. in the swelling of polymers films.

The influence of the substrate on difference spectra is particularly evident in
spectral regions where films are transparent and it can be visualized by the aid of
simulations.

A thorough discussion regarding difference spectra on gold has been proposed
e.g. in [29]. Simulations of Fig. 4.2 were calculated for a F|I|S model in which a
transition layer I is sandwiched between the substrate S and the film F , assumed to be
transparent. According to early works [51], the dielectric properties of the transition
layer were simulated exploiting the Bruggeman Effective Medium Approximation
(BEMA): ∑

i

fi
εi − εe

εi + 2εe
= 0 (4.1)

where εi and fi are the dielectric functions and volume fractions of the mixing
constituents, respectively. The BEMA layer depends on two parameters, the fraction
fF and the interface thickness dI . In the simplest approximation fF was set to 0.5.
In Fig. 4.2 the effect of the film thickness dF and of dI is visualized separately. In

panels (a–b), the increase of dI introduces negative δΨ values in the NIR with the
formation of a minimum of δΨ at about 600nm. The BEMA layer affects to a minor
extent also the δΨ UV region. Regarding δΔ, note the “parallel” downward shift,
related to the dF + dI thickness increment. In panels (c–d) the downward shift of
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δΔ spectra and the corresponding increase of δΨ in the UV limit are proportional to
the increase of dF . dF doesn’t affect the negative δΨ data. Figure4.2 indicates how
(i) positive δΨ values, below 550nm, and negative δΔ spectra throughout the whole
spectral range, are strongly related to the transparent part of the SAM (the molecular
backbone) (ii) the negative δΨ values above 550nm are related only to the interface
parameters.

Reflecting our main research interests, we have focused the discussion about films
on Au substrates; for gold, other relevant examples will be discussed in Sect. 4.4.
Though gold and Si wafers are likely the most popular substrates for SAMs, SE was
applied to other substrates such as, for instance Pt, InAs [59–62]; however, only few
groups performed the analysis with the aid of difference spectra [46, 63].

In Figs. 4.3 and 4.4 we present difference spectra simulated for a transparent film
with refractive index nF = 1.45 on bare Si andTiO2 substrates, respectively. For each
substrate, three spectra are shown for film thickness of 1, 2 and 5nm. The lineshape

Fig. 4.3 a–b SE spectra calculated at 65◦ incidence angle for Si. The ambient is vacuum (c–d)
difference spectra for a transparent film (a Cauchy layer with leading coefficients A = 1.45 and
B = 0.01) and several values of thickness (1, 2, 5nm) on the Si substrate. δΔ values are strictly
negative whereas δΨ are strictly positive and very small, with exception of the spectral region where
Si presents an intense absorptive behaviour. Note the UV fine structures which bear memory of the
intense absorptions related to Si valence/conduction band parallelism. In the NIR δΔ values are
strictly proportional to the film thickness
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Fig. 4.4 a–b SE spectra calculated at 65◦ incidence angle for TiO2. The ambient is vacuum. c–d
difference spectra for a transparent film (a Cauchy layer with leading coefficients A = 1.45 and
B = 0.01) and several values of thickness (1, 2, 5nm) on the oxide substrate. δΔ values are strictly
negative whereas δΨ are strictly positive and small, with exception of the UV spectral region after
the main absorption threshold (energy gap) of TiO2. In the NIR δΔ values are strictly proportional
to the film thickness

of the spectra preserves memory of the substrate optical features. For Si, these are
the high energy intense absorptions related to valence/conduction band parallelism
and for TiO2 the main absorption threshold (the energy gap) at about 3.2eV.

Considering the ensemble of Figs. 4.2, 4.3 and 4.4 we can derive some general
trends for ultrathin transparent films sharply interfaced to the substrate: δΔ values
are strictly negative whereas δΨ are strictly positive and very small, with excep-
tion of spectral regions where substrates present an absorptive behaviour [32]. The
magnitude of δΨ and δΔ is proportional to the film thickness. δΔ values are strictly
linear to the thickness in the NIR range.

The influence of thefilmoptical properties ondifference spectra is best appreciated
when the molecules present optical transitions. Then difference spectra referenced
to the substrate show features representative of UV-VIS absorptions in the form of
well-defined anti-resonances (see Fig. 4.5) [27, 28], which can be interpreted by
comparison with transmission measurements in solution.



4 Thickness and Beyond. Exploiting Spectroscopic Ellipsometry … 73

Fig. 4.5 In-situ SE difference spectra for Yeast Cytochrome (Cyt c) and hemoglobin (Hb) ultrathin
films deposited on gold. Thin lines represent indicative spectra calculated for several values of
thickness of a Cauchy transparent layer with nF = 1.5. Simulations of the difference spectra based
on aMulti-oscillator model can be found in [28]. The position and shape of the Soret band (the sharp
dips at about 410nm), related to the heme group of Cyt c matched transmission results in solution,
suggesting that the adsorbed molecules preserved their native structure [28]. Measurements on Hb
show a significant deviation from the native spectral properties

We have neatly detected these extinction features in difference spectra of thiolate
Polyacetylenes (PDA) monolayers assembled on ultraflat gold substrates [27] which
showed narrow UV molecular absorptions, specific of the carbazolyl-derivatized
molecule investigated, and other broader features, in the 500–700nm wavelength
range, which have been interpreted as markers of the π − π∗ transition related to the
polymerization state in the so-called red phase [64–66].

Another example regards ultrathin films of metalloproteins. Indeed, the great
potential of ellipsometry to investigate biomolecular films was exploited already
with Single Wavelength Ellipsometry (SWE) methods; the reader can find examples
of application of SWE in [67–71]. Effective interpretative models, condensed in the
popular de Feijter’s [67] or Cuyper’s formulas [67, 68], allow a translation of Ψ (t)
and Δ(t) changes, obtained monitoring the film deposition, into the quantification
of the so-called surface mass density [72].

As an evolution of SWE methods, many SE studies focused on the adsorption
kinetics of protein films [51, 72–83] and complex multilayers systems [84, 85].

The reader mostly interested in this kind of experiments is addressed to specific
review articles [86, 87], to some recent papers [78, 79, 88] and other chapters in this
book [89].

Note that in this field, SE is in competition with SPR which is of widespread use
in the community of biologists. In the study of ultrathin molecular films, plasmon
enhanced ellipsometry (or Total Internal Reflection Ellipsometry, TIRE) combines
the advantages of ellipsometry and SPR [9, 90] and ensures a sensitivity which is
larger than ordinary SPR [91–94].

Compared to SPR, Spectroscopic ellipsometry allows to look at optical transi-
tions which mark the conformational state of molecules and may provide specific
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information on the preservation of molecular functionalities, that could be stressed
by the interaction with inorganic surfaces [19, 95, 96]. Remarkably, useful insight
on these aspects may be inferred even by simple inspection of referenced spectra.
Example of application of IRSE in this or related contexts can be found in [72,
97–99]. In [97] the measurements allowed to determine the thickness and index of
refraction of a fibrinogen ultrathin (4.5nm) layer on a Au substrate, and to clearly
detect fingerprints such as amide I and amide II bands. Reference [99] presents a nice
example of use of referenced spectra to characterize the pH-dependent switching of
a polymer brush.

The high sensitivity of UV-VIS ellipsometry was recently exploited by our group
in the investigation, in buffer ambient and ex-situ, of Yeast Cytochrome c (Cyt c)
ultrathin films deposited on ultraflat [28] or nano-grainy [81] gold and on Si wafers
[100]. Difference spectra (see Fig. 4.5) exhibit quite sharp absorption features typi-
cal of the so-called heme group of this kind of metalloprotein, which can be easily
detectable in transmission spectra of molecular solutions of suitable concentration.
The observation of heme-related spectral features was exploited to monitor the for-
mation of the biomolecular layer in dynamic measurements performed in a suitable
deposition cell [28, 81].

The accurate determination of the position and shape of optical absorptions
required a Kramers–Kronig (KK) consistent model of the dielectric function of the
protein layer. Similarly to other spectroscopies, a suitable superposition of reso-
nances, usually described by a mix of Lorentzian and Gaussian character, must
be devised to reproduce absorption bands; further, the model needs some function
representing the background of far resonances. In [28] simulations based on a many-
oscillator model allowed an accurate characterization of the absorptions bands of
Cyt c adsorbed on Au, and a reliable estimate of film thickness, which turned out of
the order of molecular size, testifying the monolayer deposition. The position and
shape of the intense B-band (Soret), peaked at about 410nm and sensitive to the
molecule environment, matched transmission results in solution. This was a strong
indication that the adsorbed molecules, under proper wet conditions, preserved their
native structure [28] after interaction with the substrate. Indeed the fine structure of
another absorption band, the so-called Q-band in the 500–600nm spectral region,
would provide even more detailed information on the molecular state, being highly
dependent on the oxidation state of the heme group. Q-bands are however far less
intense than the main Soret absorption. For the Cyt c/Au system, the observation
of Q-bands was practically hindered by substrate-related features, that we briefly
discussed above. Q-bands were instead clearly discernible on Si wafers substrates,
covered with native oxide, thanks to the smooth character of the contribution of sub-
strate and film thickness to the difference spectra in the spectral region of interest
[100]. In this favourable case the δΨ spectra became a fingerprint of the molecular
absorption bands, which fine structure could be fully appreciated, practically without
the need of simulations. Figure4.6 thus is well representative of the great potential of
SE, through difference spectra analysis, as a sensitive, surface optical spectroscopy
of molecular layers endowed with absorptions.
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(a) (b)

Fig. 4.6 In-situ SE difference spectra for Yeast Cytochrome deposited on a gold and b Si-SiO2
substrates. Thin lines represent indicative spectra calculated for several values of thickness of a
Cauchy transparent layer (nF = 1.5). At difference with simulated spectra, experimental data show
relatively narrow features associated to so-called B-band (Soret), peaked at about 410 nm, and
Q-band in the 500–600nm spectral region, sensitive to the molecule environment. For the Cyt c/Au
system the observation of weak Q-bands was practically hindered by substrate-related features. Q-
bands are clearly visible on Si wafers (panel b), thanks to the smooth character of the contributions
of substrate and film thickness to the difference spectra in the spectral region of interest [100]. In
this favourable case the δΨ spectrum is practically a fingerprint of the molecular absorption bands

When thickness increases to a few tens of nm, molecular absorptions may become
perceptible directly on Ψ , Δ spectra, as it has been shown on the example of
diarylethene photochromic polymers [101] and other chromophores [102]. In this
less critical thickness regime, difference spectra are still useful to magnify the effect.
Further, difference spectra can emphasize dynamic optical transitions as e.g. photo-
induced chromism in polymers [101], as it is exemplified in Fig. 4.7.
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Fig. 4.7 Dynamic δΔ(λ, t), δΨ (λ, t) scans observed while monitoring the UV-irradiation induced
chromic transition in thin films (about 30nm) of diarylethene polymers spin cast on SiO2/Si sub-
strates. The transition is reversible, after irradiation with visible light as sketched in the top of the
figure. The time interval between lines is 40 s. The variations of the film dielectric function are
emphasized in difference spectra formed with respect to the transparent form data [101]. Note that
in this case δΨ (left) and δΔ (right) are practically the fingerprint of the variation of extinction and
refractive index, respectively, so that the spectra admit a quick interpretation, even without the need
of simulations

4.3 Atomic Force Nanolithography: Notes on Principles
and Application

Atomic Force Microscopy is a powerful technique for the analysis of surface mor-
phology with sub-nanometer resolution. The main difficulty in obtaining reliable
measurements of the thickness of ultrathin films with AFM is usually the measure-
ment with respect to the reference substrate. Suitable masks during deposition of the
thin film can allow to measure the height of the film across the deposited area and
the masked one: this technique is often used in metal deposition or organic thin film
deposition in vacuum. Due to the diffusion of atoms/molecules also in the masked
region, the evaluation of the height can be hampered by the lack of a sharp interface.
This is more critical in the molecular monolayer case, where even small changes
can strongly affect the evaluation of the thickness of the deposited film. Another
possibility involves the physical scratching of the surface with a sharp blade to cre-
ate a molecule free region. In this case the residual material is usually deposited at
the border of the scratched region, which results in a source of uncertainty in the
measurement. Moreover, if the substrate is not sufficiently hard (such as, for example
evaporated gold electrodes) the blade can remove also part of the layers underneath
the molecular film, thus distorting the results. It is therefore important to remove
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the molecular layer in a reliable way. AFM-based nanolithography methods are a
convenient tool to apply forces sufficient to displace the molecules deposited on
the surface [103, 104]. Depending on the type of molecule/substrate bond (chem-
ical bond, electrostatic interaction, etc.) the force can be tuned in order to scratch
away the monolayer without damaging the substrate underneath. The nanolithog-
raphy approach can be declined in two main methods named shaving and grafting,
which are sketched in Fig. 4.8. Both methods start with the formation of a precur-
sor SAM (typically thiolated molecules on gold surfaces or silanes on silicon-based
surfaces). The sample is placed in a liquid cell for the lithographic action and AFM
measurements.

In nanoshaving the liquid cell is usuallyfilledwith a solvent inwhich themolecules
anchored on the surface are soluble (typically ethanol for alkanethiols). After cali-
bration for the correct evaluation of the applied forces, the tip is scanned in contact
mode on the surface at low load (few nN) to image the surface (Fig. 4.8a). Then a
high load (>80nN) is applied in a selected region (areas with lateral dimension rang-
ing from 20nm to few microns) (Fig. 4.8b): this force is sufficient to displace from
the surface the self-assembled molecules. The high solubility of the molecules in the
solvent inhibits re-adsorption of the displacedmolecules, thus leaving a hole with the
substrate exposed (Fig. 4.8c). After the lithography, the sample can be then carefully
imaged to extract the height of the SAM with respect to the substrate. Depending on
the solvent used and the quality of the cantilever, very sharp patterns can be obtained
with an edge resolution of few nanometers and the height difference between the
SAMs and the substrate can be measured with subnanometer precision.

Nanoshaving has been successfully used for the patterning of several SAMs (alka-
nethiols, DNAoligomers, organic adlayers, etc.) [105–109] aswell as for thin films of
proteins [110, 111], allowing a precise evaluation of the thickness of the layer, in line
with the theoretical predictions and/or the results of complementary spectroscopic
techniques.

The ability ofAFM tips to locally displacemolecules from the surface can be com-
bined with the simultaneous self-assembling of another type of molecules present in
the solution: in these conditions one can exploit the Nanografting technique. Firstly
introduced in 1997 for the grafting of alkanethiols [112], grafting has been employed
for the realization of controlled patterns of molecules, ranging from biorepellent
SAMs, to DNA and proteins [29, 113–118]. As mentioned above, the initial condi-
tions for the Nanografting are similar to the ones of Nanoshaving: in Fig. 4.8d–f, we
illustrate the steps for the process. The sample is immersed in a solution containing
the chosen molecules to be immobilized on the surface in micromolar (1–100M)
concentration (Fig. 4.8d). Imaging of initial monolayer present on the surface is not
perturbative; a high load catalyses the exchange of the molecules displaced by the
tip with the new ones abundantly present in the solution (Fig. 4.8e). The efficiency of
the process depends on several factors such as, for instance, the size of the molecules
and their diffusion coefficients, the concentration of the molecules, the number of
times that the same area is scanned at high load [119, 120]. The scanned area is
finally imaged to observe the effective substitution of the molecules and the creation
of the desired pattern on the surface (Fig. 4.8f). In advantage to Nanoshaving, with
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Fig. 4.8 Schematics of AFMnanoshaving (a–c) and nanografting (d–f) processes. Themicroscope
tip approaches a surface covered with a self assembled monolayers (a, d). Applying a high load
(tens of nN), the tip can displace the molecules present on the surface and, either leave an exposed
surface in the shaving experiment (b) or replace the molecules with others present in solution,
creating a confined patch of the new molecules, in a grafting experiment (e). The AFM can then
used at soft load to measure height differences between different patches (c–f)

grafting it is possible to immobilize different molecules in different patches, eas-
ing a comparative analysis of the morphological [121, 122], chemical/mechanical
[114, 123], electrical [124, 125], functional [115, 126–128] properties of the dif-
ferent grafted molecules. For bio-sensing purposes, the Nanografting of relevant
biomolecules (DNA, proteins) in a ethylene glycol-terminated SAM avoids unspe-
cific binding on this bio-repellent surface and eases the observation of specific bio-
recognition events on the sensitive areas [117, 129, 130].
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Both shaving and grafting methods are prone to uncertainty in the evaluation of
thickness, that can be due to an incompleteness of the process (originalmolecules still
present on the surface) or to excessive forces used in the imaging phase. A synergy
with spectroscopic techniques and specifically with SE is therefore recommended
for a more precise characterization of ultra thin films [22, 29, 121, 131].

4.4 Application of SE and Atomic Force Lithography
Methods to Ultrathin Soft Matter Films: Case Studies

4.4.1 Bio-Inert SAMs: Nanoshaving

SAMs of Oligo(Ethylene Glycol)-terminated alkanethiols (for brevity, T-OEG)
deposited on gold substrates have been extensively investigated since early develop-
ments of SAM science for their non-fouling properties [1, 11].

Compared to closely packed unsubstituted alkanethiol SAMs, the flexible OEG
strands introduce local disorder at the SAM/ambient interface [132–136]. Such an
intrinsic local disorder is believed to control the interaction between the OEG moi-
eties and ambient water molecules, effective in preventing the wetting of underlying
methylene groups [11]. There is accumulating consensus on the manifold role of
the hydration of the OEG part in establishing the bio-inertness of T-OEG SAMs
[137–140].

SE and AFM nanoshaving have been recently employed to investigate SAMs of
T-OEG molecules on Au. We studied in particular SH(CH2)11EGnOH molecules
with n = 3 and 6, named T-OEG3 and T-OEG6 in the following (see [29] for details
about the preparation and other experimental aspects). Figure4.9 shows representa-
tive AFM images and corresponding height profiles of shaved areas in T-OEG3 and
T-OEG6 SAMs. Topographic images were obtained in soft contact mode to reduce
the effect of the tip load on the SAM height. From the statistical analysis of the
height values of the SAM and of the shaved regions, resumed in Fig. 4.10, we were
able to evaluate the thickness of the layers, obtaining 2.4 ± 0.3nm and 1.6 ± 0.4 for
T-OEG6 and T-OEG3, respectively [29].

In-liquid Spectroscopic Ellipsometry data are documented in Fig. 4.11. The data
were taken in a proper buffer solution (so-called TE, 10mM Tris-HCl, 1mM EDTA,
1M NaCl, pH = 7.2), that it was used in a second stage of the experiment to test
the film resistance to protein adhesion. As a consequence of the relatively low ambi-
ent/film optical contrast, the values of δΔ and δΨ are rather small and relative
uncertainty high, as it is represented by the large error bars. The data would suggest
a small thickness difference between the two SAMs; δΨ data would even question
any thickness difference. We will return on the interpretation of these data after
considering ex-situ data.

Representative results of the ex-situ SE characterization of T-OEGfilms are shown
in Fig. 4.12. The quality of data is neatly increased with respect to the in-liquid
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Fig. 4.9 a, b AFM micrographs and c, d representative height profiles across shaved regions in
T-OEG SAMs. The T-OEG6 pattern shows a better defined contrast between full and depleted areas

Fig. 4.10 Determination of SAM thickness based on the statistical analysis of the height values
of the SAM and of the shaved regions for several shaved areas. Height histograms for nanoshaved
areas in a T-OEG3 and b T-OEG6. Histograms have been aligned setting arbitrarily the zero at
the gold surface. The resulting thickness is 1.6 ± 0.4 and 2.4 ± 0.3nm for TOEG-3 and TOEG-6,
respectively
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Fig. 4.11 In-situ difference spectra (δΔ = Δ(T OEG + Au) − Δ(Au), δΨ = Ψ (T OEG +
Au) − Ψ (Au)) for T-OEG SAMS on gold. Measurements were obtained at 65◦ angle of incidence
and are shown in the range of high transparency of water. Thin vertical bars show representative
uncertainty in different spectral regions

measurements. In the figure, experimental δΔ and δΨ difference spectra are com-
pared with calculations performed according to a simple T F |S model in which a
transparent film (T F), modelled with a simple Cauchy formula, is sharply stacked
onto the substrate (S) [29]. Simulations are presented for three values of the film
thickness dT F and for an indicative range of the refractive index nT F , which gives
rise to the shaded areas in the figure. The shading is intended to provide a rep-
resentation of the index-thickness correlation. Simulations reproduce the shape of
experimental spectra with the “usual” exception of the negative δΨ values in the high
reflectivity region of gold, which have been discussed in Sect. 4.2 for other thiolate
SAMs.

Within the T F |S model, for a given nT F there is proportionality between δΔ

and dT F (Fig. 4.12a); the thickness of T-OEG6 and T-OEG3 SAMs which can be
extrapolated from panel A slightly exceeds the value obtained from AFM analysis.
Simulated δΨ curves (Fig. 4.12b) in the UV limit, are proportional to the film thick-
ness as well and, as discussed above, are much less affected by interface effects. The
shaded areas in δΨ patterns are rather thin. For δΨ the film thickness is less corre-
lated to the value of the nT F parameter. dT F values which can extrapolated from the
comparison of δΨ curves with simulations, in the UV range, are in good agreement
with AFM measurements.

The apparent discrepancy between the dT F values which would be derived by the
disjunct analysis of δΔ and δΨ data, as well as the negative δΨ NIR values, witness
the main limitations of the T F |S model. Interface effects can be effectively included
in the optical model by using the Bruggeman EMA (so-called Arwin approximation
[51]) to model the dielectric function of the interface layer I . Fitting the T F |I |S
model to the experimental data, a rather well-defined minimum of the MSE was
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Fig. 4.12 a–b Symbols (grey tones): ex situ experimental difference spectra (δΔ =
Δ(T OEG/Au) − Δ(Au), δΨ = Ψ (T OEG/Au) − Ψ (Au)) obtained for the T-OEG SAMs on
Au, at 65◦ angle of incidence. Thin vertical bars show representative uncertainty in different spec-
tral regions. Shading illustrates simulations based on the T F |S model for three values of the film
thickness (dT F = 1, 2 and 3nm). Top and bottom borders of each shaded area in δΔ (δΨ ) patterns
correspond to nT F = 1.35(1.55) and 1.55 (1.35), respectively. For a given value of nT F , simulated
δΔ curves are proportional to dT F . c–d Comparison between SE data (open circles, grey tones) for
T-OEG3 and T-OEG6 films, and best-fit simulations (red lines) at 65 angle of incidence. Simulations
have been calculated according to the T F |I |S model. The dielectric function of the interface layer
I was modeled by using the Bruggeman EMA (so-called Arwin approximation [51])
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found for relatively low values of nT F (1.35–1.40) with dT F = 2.6–2.5 (1.9–1.8)nm
for T-OEG6 (T-OEG3) [29]. The best-fit curves are reported in Fig. 4.12c–d. For both
SAMs the best reproduction of the negative part of δΨ needed an interface thickness
dI of about 0.25nm, consistent with previous findings on other thiolate compounds
[14].

The agreement between the thickness values obtained by ex-situ SE (T F |I |S
model) and AFM nanoshaving is satisfactory. Combining information derived from
difference ellipsometry spectra with differential AFM measurements considerably
strengthens the reliability of the thickness determination and, consequently, the esti-
mate of the refractive index of films [29].

Let’s now go back to in-buffer data. Even if the relatively high uncertainty is
considered, the model used in the case of dry samples is not able to fit accurately the
data in liquid. In order to solve the apparent puzzle one can invoke the hydrophilic
nature of the EG units. Hydration of the film induces a smoothing of the optical
contrast between the brush-like part of the layer and the aqueous ambient. Such
“index matching” effectively removes, from the optical point of view, the outer part
of the film. In practice, the measurements become sensitive only to the inner, packed
and hydrophobic portion of the molecular film and to the film/substrate interface, as
it is witnessed by the observation of negative δΨ values in the NIR, quantitatively
similar to those determined ex situ. The similarity between T-OEG3 and T-OEG6
in-situ results then reflects the similar organization and density of the lowest-lying
part of the film, especially the C11 part, common to the two molecules. It is clear
that in-situ SE, for this type of SAMS, prone to partial hydration, is not able to
provide reliable values of the film thickness. The advantage, or better, the necessity
of comparing SE with AFM measurements in this case is evident. The cross-check
between SE andAFM, and the comparison betweenwet and drymeasurements allow
obtaining non-perturbative information regarding the vertical density profile of the
SAM and the penetration of water into the spatial region of OEG strands. Clearly, the
cross-check between SEmeasurements in air and in-liquid indicates that simulations
considering a T-OEG film of homogeneous density provide an average value of the
film refractive index which indeed could present a vertical profile.

SE was also exploited to check the resistance of T-OEG SAMs to protein
adsorption. The SAMs were exposed to different molecules as for example Cyt
c solutions. Representative data, for T-OEG6, are shown in Fig. 4.13. We look
again at difference spectra, this time in the form δΔ,Ψ = Δ,Ψ (Cyt + T OEG6 +
Au) − Δ,Ψ (T OEG6 + Au); in practice the spectra obtained on the T-OEG/Au
system are used as the “new” substrate. The data show no significant differences
between SE spectra taken after and before exposure to Cyt c: the T-OEG SAM is
completely refractory to Cyt c adsorption. Note that this conclusion is drawn from the
analysis of broad-band spectra. Instead, repeating the same adsorption experiment
on a “simple” octadecanethiol (so-called C18) SAM terminated with a CH3 group,
well-defined difference spectra are visible, with evident features at about 400 nm,
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Fig. 4.13 SE measurements devised to check Yeast Cytochrome C interaction with TOEG-6
and C18 alkanethiol SAMs on Au. Dark bullets: Ex-situ difference spectra for Cyt c/TOEG
(δΔ,Ψ = Δ,Ψ (Cyt + T OEG6 + Au) − Δ,Ψ (T OEG6 + Au)). Light grey circles: Ex-situ dif-
ference spectra for Cyt/C18 (δΔ,Ψ = Δ,Ψ (YCC + C18 + Au) − Δ,Ψ (C18 + Au)). Measure-
ments are shown at 65◦ angle of incidence. The data illustrate, on a broad-band spectroscopic basis,
the anti-fouling character of the TOEG SAM

particularly evident in the δΨ spectra. By comparison with our previous studies [28,
100] the spectral features at 400nm can be safely assigned to the Cyt c Soret band,
demonstrating the occurrence of non-specific protein adsorption on the hydrophobic
C18 SAM. Note that for the Cyt/C18 case δΨ values in the NIR are substantially
null, as expected for the case of unspecific adsorption.

4.4.2 Specific Immobilisation of Proteins on SAMs: Grafting

Suitable terminations can turn a SAM into a specific interface (a “receptor”) for
binding proteins or enzymes (“analyte”). Going beyond the characterization of a
single SAM, we applied AFM nanolithography methods and SE to the analysis of
the molecular bilayer formed by the “analyte”/“receptor” interaction.

In this respect, the nitriloacetic acid (NTA for brevity) group, after loading with
Nickel ions (Ni(II)), becomes able to anchor histidine andhis-taggedmolecules [141–
147]. The resultingNTA+Ni(II)-His coupling scheme is both selective and reversible,
following the reaction with competitive ligands [142]. This coupling strategy proved
really versatile with a number of bio-oriented applications [148–161]

We studied in particular the adsorption of Small Ubiquitin-like Modifier protein,
SUMO for brevity, tagged with six histidine molecules on SAMs of alkanethiols
terminated with NTA (AT-NTA) [121, 131]. SUMO is an interesting biomolecule.
In eukaryotes, the covalent attachment of SUMO to target proteins can modulate
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their structure and function, representing a post translational modification involved
in several cellular processes. More recently it has been demonstrated that SUMO can
help the expression of recombinant proteins when it is used as fusion tag [162, 163].
The structure of SUMO is well-known [164, 165]. The easiness of production make
His-tagged SUMO a good candidate for a proof of concept of a SE-AFM combined
strategy in the characterization of protein immobilization schemes at surfaces. The
use of nanolithograhy tools and of ellipsometry spectra provided us with a solid
method to disentangle the effects of Ni(II)-mediated interaction between theAT-NTA
layer and the 6His-tagged SUMO and to determine the thickness of the SUMO layer
in physiological conditions. We investigated the process in sequential steps: (0) the
functionalization of the Au substrate with the receptor NTA-terminated SAM; (1) the
Ni(II) loading, positively tested looking at the reaction with “simple” polyhistidine
molecules [121]; (2) the Receptor/SUMO interaction [131]; (3) the regeneration of
the AT-NTA layer after removal of SUMO by chelating agents [131]. Regarding the
AFM side, we preferred a nanografting scheme. T-OEG6 molecules (see Sect. 4.4.1)
were grafted in regularmicro-holes produced in theAT-NTA layer. The small “carpet”
of bio-inert T-OEG molecules acted as reference for the measurement of the height
variation of the surrounding AT-NTA-Ni(II) SAM after the interaction with SUMO.
The main findings regarding the AFM characterization in liquid are synthesized in
Fig. 4.14. Panel (a) shows the 3D topographic image of a T-OEG6patch grafted inside
the AT-NTA layer. The histogram in panel (c) quantifies the well-defined AT-NTA/T-
OEG6 height contrast, 1.0 ± 0.2nm. The height difference neatly increased after
exposure to His-tagged SUMO, as it is shown in panels (b) and (d). The final value,
3.3 ± 0.3nm, implies a net height of the SUMO layer of 2.3 ± 0.4nm, compatible
with the crystallographic dimension of the protein [131].

Ellipsometry measurements were performed on dedicated layers uniformly cov-
ering the Au substrates. Ellipsometry was used to disentangle specific versus non
specific adsorption of SUMO on the “receptor” layer [131].

Representative SE data (in buffer and ex situ) are shown in Fig. 4.15. The differ-
ence spectra are referenced to theAT-NTAfilm,which plays the role of “substrate” for
the SUMO adsorption. δ-spectra measured with or without pre-emptive Ni(II) load-
ing, both in-situ and ex-situ data, are strikingly different as it is shown in Fig. 4.15.
In case of Ni(II) pre-treatment, the spectral shape exhibits the KK-related features
whichwe have discussed thoroughly in previous sections for othermolecules on gold.
These features are markers of the formation of compact SAMs. Without Ni(II) load-
ing δ-spectra are not compatible with the formation of a continuous layer, possibly
pointing at a limited unspecific adsorption of SUMO on AT-NTA.

The comparison with models, which leads to the evaluation of the thickness of
the His-tagged SUMO layer, reinforced this interpretation. We present diagrams of
the same type as in Fig. 4.12, exploiting effective Cauchy models and considering
values in the 1.35–1.50 range for the (unknown) index of refraction of the SUMO
layer. For in-situ spectra, low experimental values and data dispersion (see error bars
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Fig. 4.14 Three-dimensional AFM images of a nanografted patch of T-OEG6 in a NTA SAM a
before and b after the addition of 6His-tagged SUMO in presence of Ni(II). c–d corresponding
height histograms. Histograms have been aligned setting arbitrarily the zero at the T-OEG6 grafted
surface. Height histograms derived from several grafted areas allow the determination of the NTA
and NTA+SUMO film thickness [131]

in Fig. 4.15a) resulted in a large uncertainty in the estimate of the thickness of the
SUMO layer, 2 ± 1nm, compatible with AFM findings. The enhanced film/ambient
optical contrast in ex situ data allowed a more accurate estimate. Data analysis (see
Fig. 4.15c, d) lead to an estimate of 1.8 ± 0.2nm for the effective thickness of
the SUMO layer in ex-situ conditions. This value is slightly lower than the AFM
estimate. The effect can be attributed to some alteration of the spatial conformation
of the protein in dry state with respect to the hydrated conditions [131].

In summary, the combination of AFM and SE provided a rather accurate deter-
mination, also in physiological condition, of the thickness value of the SUMO layer
and was able to disentangle the effects of Ni(II) in mediating the interaction between
the NTA groups and the 6His-tagged SUMO.
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Fig. 4.15 Exposure to SUMO of AT-NTA SAM. In situ (a, b) and ex situ (c, d) SE data. Differ-
ence spectra (δΔ and δΨ , 65◦ angle of incidence) are referenced to the spectra obtained on the
precursor AT-NTA SAM prior to the exposure to SUMO. Black symbols: δΔ and δΨ after SUMO
adsorption on precursor SAM loaded with Ni(II). Grey symbols: the same, without Ni(II) loading.
Thin vertical bars represent the experimental uncertainty related to data dispersion over the samples
investigated Shading illustrates simulations based on the T F |S model for three values of the film
thickness (dT F = 1,2 and 3nm). Top and bottom borders of each shaded area in δΔ (δΨ ) patterns
correspond to nT F = 1.35 (1.50) and 1.50 (1.35), respectively. Shading therefore helps visualizing
the thickness/index correlation

4.5 Outlook

Spectroscopic ellipsometry is often perceived as a thin film technique where “thin”
typically means a thickness ranging from a few tens to hundreds of nanometers.
However Δ and Ψ , the output of the ellipsometry experiment, possess an intrinsic
sensitivity to films with thickness down to a very small fraction of the wavelength,
in the deep realm of nanoscience. As a matter of fact the ellipsometry analysis
of ultrathin films (thickness below 10nm) presents many challenging aspects and
requires the patient acquisition of specific experimental competences and analytical
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expertises. Application of SE to ultrathin biologic films presents further specific
challenges, as the “average” refractive index of the film is poorly known and often
similar to the ambient in case of in-liquid application.

From the analytical point of view, a profitable application of SE to ultrathin films
involves the comprehension of the fine changes of the spectral ellipsometry response,
δΨ , δΔ consequent to the formation of the film on a given substrate or to the addi-
tion/removal of a layer in a stack. This is the preferred playground of the method
of analysis based on difference spectra, known since early developments of SE [9,
31, 32]. The optical models devised to describe the layered system under scrutiny
should be able to provide a clear meaning to the experimental difference spectra. In
our attitude, the comparison between experimental and simulated difference spectra
represents a key check to assess the quality of analysis. The analysis through differ-
ence spectra should be “imperative” in case of films at the monomolecular level and
SAMs.

In the chapter we have synthetically presented the evolution of our approach
to the comprehension of difference spectra in the study of organic and biologic
ultrathin interfaces, which took initial inspiration from seminal works [40, 51]. Our
approach is condensed in figures like Figs. 4.5, 4.6, 4.12 and 4.15. Experimental
data are initially compared with suitable families of difference spectra calculated
for transparent films (in practice Cauchy layers) for indicative ranges of refraction
index and thickness. Such a comparison paves the way to estimate the film thickness
with an informed view of subtle issues related to index/thickness correlations and to
film/substrate and film/ambient optical mismatch. Relatively sharp spectral features
related to extinction, often important to assess the functionality of filmbio-molecules,
cannot be described by Cauchymodels, and can be directly identified on spectra, thus
demonstrating the potential of optical ellipsometry as a gentle, powerful surface UV-
VIS spectroscopy, which can effectively complement SPR experiments.

This first stage of analysis provides in our opinion the correct basis for a second
step inwhichmore realisticmodels are exploited andmodel parameters are optimized
through the fitting routines, traditional of ellipsometry analysis of thin films. To this
aim information coming from other surface sensitive diagnostic tools are useful and
even necessary. In this perspective we hope to have demonstrated to the reader of this
chapter that AFM can be a powerful partner of ellipsometry when it is coupled to a
nanolithography method able to deplete regularly shaped areas of the molecular film.
Then, differential height measurements between adjacent, empty and pristine areas
provide a direct measurement of film thickness, which can be compared with SE
results or can feed the analysis of SE data. Remarkably, in case of soft matter films,
sharp nanolithography can be achieved in the AFM apparatus itself, by exploiting
the atomic force exerted by the tip under high-load regimes, in the so-called shaving
and grafting modes.

Improving the accuracy of the thickness determination opens the door to obtaining
amore reliable analysis of the dielectric properties of the films, a piece of information
that is elusive for such ultrathin, often transparent layers. The SE-AFM combined
approach helps defining the sources of systematic uncertainty associated with both
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kindofmeasurements, an aspectwhich is not always addressed in routine applications
of the individual methods.

The data we have presented on the His-tag SUMO/AT-NTA system demonstrate
the potential of SE for the accurate spectroscopic characterization of molecular
recognition processes. This approach paves the way to the application to other lig-
and/receptor coupling schemes, such as for instance antigen-antibody interactions
or DNA hybridisation. Beyond its intrinsic interest, the latter case is particularly
attractive as DNA is endowed with intense UV absorptions. These absorptions can
be detected in SE difference spectra at the monolayer level, similarly to what we
observed on chromophores, and then monitored during the hybridisation process
[166].
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Chapter 5
Glass Transition of Polymers
with Different Architectures in the
Confinement of Nanoscopic Films

Michael Erber, Martin Tress, Eva Bittrich, Lars Bittrich and Klaus-Jochen
Eichhorn

Abstract The dynamic properties of nanoscopic polymeric films can significantly
differ from the well-known bulk properties. In general, with decreasing film thick-
ness the surface to volume ratio increases tremendously and interfacial interactions
are expected to dominate the molecular dynamics of geometrically confined poly-
mers. On the one hand, attractive interfacial interactions can inhibit cooperative
dynamics and lead to a rise in Tg . On the other hand, repulsive interactions may
depress Tg . However, the order of magnitude of the Tg aberration in nanoscopic films
is quite controversially discussed and some scientists even have doubt in the exis-
tence of confinement effects for films exceeding 10nm in thickness. In the last few
years, several factors were identified which may mimic confinement effects such as
plasticizer effects due to solvent residues, degradation or oxidation processes and
crosslinking. In this chapter we try to give a review about the determination and
complexity of the glass transition of polymers in nanoscopic films and the unique
role of temperature-dependent ellipsometry with its advantages but also methodical
challenges therein.
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5.1 Polymers: A Unique Class of Materials and Their
Physical Properties

A polymer (from Greek “poly”: many and “meros”: part) is a large molecule also
called macromolecule characterized by multiple repetitions of constitutive units.
Due to its size the addition or removal of one repetitive unit does not substantially
change their properties. In fact, the constitutive unit is the smallest periodic unit,
whichdescribes the structure of themacromolecular chain completely [1].Depending
on the number of connection points of each constitutive unit, polymers may be
terminologically divided into four different classes regarding to their architecture:
linear, cross-linked, branched and dendritic polymers as shown in Table 5.1 [2, 3].

Furthermore, dendritic polymers are classified as (a) dendrimers, (b) hyper-
branched polymers, (c) dendrigrafts and (d) dendronised polymers.

Besides the architecture, the chemical structure, functional groups and molecu-
lar weight are important factors which strongly affect the material properties of a
synthetic polymer and provide an extraordinary variety. Because of this diversity
of polymeric materials as well as their low cost fabrication, they play an essential
and ubiquitous role in everyday life [1, 4]. Typically, the bulk properties are those
most often of end-use interest. These are the properties that dictate how the poly-
meric material actually behaves on a macroscopic scale. Besides the tensile strength,
Young’s modulus and transport properties, the phase transition temperatures such as
the melting point (Tm), and the glass transition temperature (Tg) are important char-
acteristic quantities of high technological relevance. Among synthetic polymers,
melting is generally discussed with regards to semi-crystalline thermoplastics such
as PA6, PA66, PET or PE while thermosetting polymers will decompose at high
temperatures rather than melt. Due to their statistically molecular arrangement a lot
of other polymers show no semi-crystalline behavior at all. They are amorphous.

In case of amorphous polymers, the glass transition temperature is the parame-
ter of particular interest in polymer manufacturing and application. It describes the
temperature at which polymers undergo a transition from the rubbery, liquid-like to
a glassy solid state and vice versa. In contrast to the melting point the glass transition

Table 5.1 Terminological classification of polymers into fourmain categories according to Tomalia
and Fréchet: I. linear, II. cross-linked, III. branched, IV. dendritic: (a) dendrimer, (b) hyperbranched,
(c) dendrigraft and (d) dendronised polymers. (Modified after [2])
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Fig. 5.1 The specific
volume of a material in
dependence of temperature.
In dependence of the cooling
rate different glassy or
crystalline states may be
achieved which occur at
different temperatures.
(Modified after Donth,
Glasübergang,
Akademie-Verlag, Berlin,
1981)

temperature is usually not a clearly defined point, but may extend over a wide tem-
perature range of up to 10 K (Fig. 5.1), depending on time scale of the experiment,
molecular weight distribution and thermal history of the polymeric sample.

The melting or crystallization behavior of many materials is a first order phase
transition associatedwith abrupt changes in extensive thermodynamic quantities such
as the entropy, enthalpy or volume [4]. In contrast, the glass transition is not a real
phase transition! It can be rather seen as solidification without any abrupt change in
thermodynamic quantities, and a kinetic origin is nowadays regarded as a plausible
explanation [5, 6]. This means, instead of a structural rearrangement (like the devel-
opment of a highly ordered crystalline state), the mobility of the molecules slows
down gradually with decreasing temperature, and as their relaxation time approaches
the experimental time scale the material appears solid. Consequently, the detected
transition temperature depends on the rate of temperature variation, or the frequency
of the oscillating external perturbation applied, to monitor the transition. Therefore,
the glass transition is called a dynamic phenomenon, and it is essential to specify
such applied rates or timescales (frequencies). Different approaches have been pos-
tulated to describe the phenomenon of glassy dynamics in the “bulk” state theory,
though neither of them is generally accepted. At this point, the “free-volume theory”
[7], “cooperative approaches” [8] or the “Rouse model” [9] should be mentioned.

5.2 Nanoscopic Polymer Films versus Bulk Polymers

5.2.1 Introduction

In the early 1990s it was reported for the first time that the glass transition temperature
Tg of thin polymer films may differ significantly from the bulk value [10–12]. Since
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Tg was found to decrease gradually with reduced film thickness below ∼100nm
many researchers assumed that the observed Tg shift originated from the influence of
geometrical confinement to a very thin layer. To explain this phenomenon manifold
effects have been discussed like weak polymer-substrate interactions, sliding modes
of chain loops at the free surface [13], or liquid surface layers. However, about 20
years later the debate is still controversial and the phenomenon not yet fully explained
[14, 15].

5.2.2 True or Mimicked Confinement Effects

Although subsequent investigations found similar trends, the combined results show
a strong variation in the thickness dependence of Tg [16]. Even more controversial,
some studies did not disclose any change in Tg in films of only a few nanometer
thickness [14, 17, 18]. For polystyrene (PS) the huge variety of results is shown in
Table 5.2 which evidently cannot be a feature of the material.

Indeed, severe mechanisms affecting Tg and thus mimicking confinement effects
were identified and can be summarized as the impact of preparation: plasticizer
effects due to remaining solvent [27], agglomeration of solvent at the polymer-solid
interface (which explains why thin films keep larger volume fractions of solvent than

Table 5.2 Some exclusive results reported by different research groups, showing Tg shifts of PS
films of thickness d (minimum value under investigation) as measured by ellipsometry. Even for
a chemically simple polymer like PS, the variety of Tg aberration is impressive and shows the
complexity of the phenomenon

Author (Year) Mw (kg/mol) d (nm) Shift of Tg (K) Substrate

Keddie [11] (1994) 501 12 −25 H-passivated Si

2 900 12 −25 H-passivated Si

Forrest [19] (1997) 767 29 −7 SiOx

Fryer [20] (2000) 382 20 −20 HMDS on
SiOx

382 17 −20 SiOx

Sharp [21] (2003) 369 8 −15 SiOx

Fakhraai [22] (2005) 641 6 −32 Pt

Raegen [23] (2008) 734 25 0 SiOx

6 −50 SiOx

Kim [24] (2009) 400 23 −10 SiOx

Mapesa [17] (2010) 319 17 0 (±2) SiOx

Tress [25] (2010) 1 103 10 −2 (±2) SiOx

749 12 −2.5 (±2) SiOx

319 19 −1 (±3) SiOx

Torres [26] (2012) 575 5 −22 SiOx
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thick films), thermal history of the sample [28], water sorption [29], and chemical
degradation [29].

Nevertheless, real confinement effects are known e.g. from simple molecules in
nano-porous host-materials [30]. Hence, it is expected that polymers exhibit similar
phenomena - the question is: on which length scale does spatial confinement affect
molecular mobility and structural transitions?

5.2.3 Make a Long Controversial Story Short: Conclusion

The dynamic glass transition can be assigned to local motions of only a fewmonomer
segments [31]. This corresponds to lengths of less than 1nm and consequently, alter-
ations of the glassy dynamics of a polymer are expected to appear in a comparable
distance from the solid substrate. The direct conclusion from this fact is that Tg shifts
of films thicker than ∼10nm are highly likely the result of preparative conditions
and after appropriate treatment bulk properties can be recovered [32].

5.3 Comparison of Analytical Methods for the
Determination of Glass Transition of Polymers
in Thin Polymer Films

5.3.1 Introduction

Glass transition of polymers can be monitored by means of manifold experimental
methods which employ various physical principles (heat capacity, probing the free
volume, mechanical stress-strain behaviour, the electrical and optical response of
molecular dipoles or optical observation of fluorescence labels, to name a few).
Till present, many of these techniques have been developed to enable also thin film
measurements as discussed in this section [30, 33–35].

5.3.2 Ellipsometry

Ellipsometry, a non-destructive optical technique, is widely applied for the determi-
nation of film thickness and optical constants of polymer films [36–39].

By acquiring ellipsometric data in dependence on temperature, extremely small
differences in thickness and optical properties can be detected. This unique quality
can be used to determine the coefficient of thermal expansion α and from an abrupt
change in α the glass transition temperature can be deduced (for details see Sect. 5.4).
Besides films supported on a substrate, also free-standing films may be studied with
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ellipsometry. Due to the poor sensitivity and several other drawbacks of ellipso-
metric measurements for free-standing films they are not explained in more detail
[13, 30, 40].

5.3.3 Broadband Dielectric Spectroscopy

Broadband dielectric spectroscopy (BDS) uses the fact that many molecules exhibit
dipolar character and, by that, interact with an external electrical field. Therefore,
the sample is connected with two electrodes in a capacitor-like arrangement and an
oscillating electrical field is applied. From the measured (complex) capacitance the
complex dielectric permittivity ε*= ε′-iε′′ can be extracted if the sample geometry is
known. A plot of this quantity in dependence on frequency of the electrical field or
temperature typically exhibits local maxima which are called relaxation processes.
The characteristics of these processes depend on molecular quantities like number
density and mobility of charge carriers or molecular dipoles. One of these molecular
relaxations is called α-relaxation which entitles the thermal fluctuation of chain
segments of a polymer and hence, it is assigned to the dynamic glass transition. If
plotted versus temperature, its peak position (the so-called characteristic temperature
Tα) at a probe frequency of f = 2π /(100 s) conventionally corresponds to the glass
transition temperature Tg determined by e.g. ellipsometry (or calorimetry) at a heating
rate of 10K/min. For a comprehensive description of BDS and its applications see
Kremer and Schönhals [41].

Typically, BDS is a volumetric method but the big advantage of a capacitor is the
fact that capacity increaseswith decreasing thickness - less electrode distance (hence,
sample amount) means larger signal intensity. This enabled a series of studies of thin
polymer films down to ∼10nm [41, 42]. However, at this length scale the probabil-
ity of electrical short circuits due to surface roughness of the electrodes increases
rapidly and limits the successful investigation of thinner films. Therefore, recently
a novel method was developed which uses ultra-flat highly conductive silicon wafer
dice as electrodes [43]. One of these electrodes is fabricated with highly insulating
silica nano-structures which keep the two electrodes separated from each other. This
sample arrangement solves afore mentioned problems in thin films and enables the
measurement of films with one free interface. The latter makes it an ideal comple-
mentary technique for ellipsometry. Investigations which apply this combination of
methods are presented and discussed in detail in Sect. 5.5 [44].

5.3.4 AC-calorimetry

Alternating current (AC)-calorimetry is a technique which enables frequency depen-
dent calorimetric measurements. Therefore, instead of a constant heating rate as used
for common DSC experiments the temperature is additionally modulated with a
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certain frequency. The resulting signal can be treated as a complex heat capacity
and the real part indicates phase transitions by the specific heat, similar to DSC.
Furthermore, the dynamic glass transition can be assigned to a local maximum in
the imaginary part which coincides with other frequency dependent methods like
e.g. BDS. Schick et al. developed an AC-calorimeter capable of measuring ultra-thin
polymer films down to 10nm thickness in a frequency range of 1–10 kHz [35]. Sev-
eral investigations on PS, PMMA reveal no shift in the dynamic glass transition in
films as thin as 10nm [25, 35].

5.3.5 Other Techniques

Besides classical DSC experiments, which have been adopted for thin film measure-
ments as well [46, 47], there are several further methods capable of probing Tg .

One group are scattering techniques like neutron or X-ray scattering. Thereby, the
sample is irradiated with a focussed beam and the spatial distribution of the inten-
sity of the scattered radiation exhibits a pattern which contains information about
the structure of the sample. For crystalline materials the geometric structure of the
atomic lattice as well as the lattice spacing can be determined, but also for amor-
phous materials changes in the mean distance between neighbouring molecules are
visible. Despite the fact, that these techniques typically require quite large samples,
several investigations of thin polymer films were performed by measuring in grazing
incidence or stacks of multiple films [48, 49].

Another way to trace especially the dynamic glass transition are fluorescence
techniques. Therefore, fluorescent dye molecules are either mixed with the polymer
matrix or covalently bonded to the polymer chain [50, 51]. The movements of the
dye molecules can be detected with a spatial resolution of up to ∼10nm and are
analysed in terms of the auto correlation function [52]. Although thesemeasurements
enable direct observation of molecular motion, note that it is the dye molecules
which are probed. It is by no means clear that this reflects always the motion of the
surrounding polymer matrix or the pure polymer in case of dissolved or covalently
bonded dyes, respectively. Hence, this technique requires prudent cross checks with
dyes of different size, architecture, chemical behaviour or covalently bonded versus
dissolved ones to verify that the result is independent from these parameters and can
be assigned specifically to the host polymer matrix.

Furthermore, Fourier-transform infrared spectroscopy (FTIR) was applied to
investigate the glass transition of thin polymer films [53]. The intensity of IR absorp-
tion bands depends on the amount of material and the concentration of the respective
molecular species in the sample. Some polymers exhibit different favorability for
possible conformations below and above Tg which can be detected as a change in
the ratio of intensities of the corresponding bands.



104 M. Erber et al.

5.4 Concepts of the Determination of Glass Transition
Applying Ellipsometry

In 1994, Keddie et al. were one of the first who applied ellipsometry to study the
thermal expansionα and the thereof derived Tg of thin polystyrenefilms [54]. Inspired
by their pioneering work and their fascinating results (altered Tg in nanoscopic films)
many research groups tried to discover the reasons for the deviation from the well-
known bulk properties in either substrate supported films or free-standing films. Tg
of a thin polymeric film can be determined applying the ellipsometric quantities
in a variety of ways. But in all cases the abrupt change in the thermal expansion
is used to extract Tg . Depending on the measurement principle of the ellipsometer
(null ellipsometry, spectroscopic vis-ellipsometry) different concepts exist which are
discussed in more detail in the following.

5.4.1 Single Wavelength Ellipsometry

Historically, null ellipsometry as developed by Drude was the basis of the first ellip-
sometry instrument. The null ellipsometer employs a monochromatic light source
usually a laser in the visible wavelength range. The PCSA (polarizer, compensator,
sample, analyzer) configuration is applied to determine the ellipsometric parameters
at one given wavelength (for more detailed information see Chap. 1). One advantage
of null ellipsometry is that the laser beam can be focused on a small spot size, has
a higher power than broad band light sources, and, due to its simple measurement
principle, it is still the most accurate instrument in the absolute determination of �

and Ψ . Applying this method, the “raw data” (Ψ and �) are monitored at a specific
wavelength (preferably at a sensitive one) as a function of temperature. Then, Tg
can be determined from the discontinuity (“kink”) in Ψ and/or � as a function of
temperature (Fig. 5.2) [10]. As explained in Sect. 5.1, Tg is not a precise point at a
specific temperature, it is rather a temperature region which makes the evaluation of
the position of Tg vague. In order to have definite values, Tg is commonly determined
by the intersection point of two straight lines fitted to the temperature dependence of
the ellipsometric angles Ψ and � in the rubbery and the glassy regime, respectively.

Despite its advantages of very high accuracy and simplicity of the device, one
big drawback is that only one wavelength is used for the measurement. Depending
on the film thickness the sensitivity (signal to noise ratio) of � and Ψ changes with
wavelength (Fig. 5.3).

http://dx.doi.org/10.1007/978-3-319-75895-4_1
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Fig. 5.2 Ellipsometric angles (Ψ und �) as a function of temperature for a 76nm thin PS film.
The ellipsometric angles are determined at a wavelength of λ = 450nm which is sensitive for the
glass transition. (Modified after [25])
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Fig. 5.3 Ellipsometric angles Ψ and � as a function of temperature and wavelength for a 67nm
thin PMMA film. Depending on the wavelength the sensitivity (signal to noise ratio) and therefore
the accuracy of Tg determination is affected

5.4.2 Spectroscopic vis-Ellipsometry (SE)

Spectroscopic ellipsometry employs broad band light sources which cover a certain
range in the infrared, visible or ultraviolet spectral region. The full spectroscopic
data set of Ψ and � can be fitted with an appropriate optical model to yield the
thickness d and refractive index n of the polymer film as a function of temperature.
Hence, the discontinuity in either d or n as a function of temperature can be used
to determine Tg . It is important to mention that not the “raw data” � and Ψ at only
one individually chosen wavelength are used, in fact the layer parameters n and d
include measurements of � and Ψ at many different wavelengths.

The evaluation of Tg can be done (1) by tangent fitting [55], (2) derivation of the
thickness data to directly evaluate the thermal expansion [24], but also (3) by using
a fit-function for the temperature dependent layer thickness d(T ) or the refractive
index n(T ) [25, 56, 58]. For approach (3) either the fit-parameter Tg or the extremum
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respectively

of the 2nd derivative of the fit-function are evaluated. See Fig. 5.4 for examples of
tangent fitting and the evaluation of the maximum of the 2nd derivative of a 9th oder
polynomial fit-function for d(T ).

Ideally, the glass transition process is characterized by a constant coefficient of
thermal expansion α in the glassy and the rubbery state and a non-linear change of α

in the glass transition region [57]. However, we and others observed that the thermal
expansion in the glassy and rubbery state is not necessarily constant but can have a
small positive or negative linear slope [24, 25, 48, 58]. This leads to at least quadratic
behavior in the thickness data in these temperature regions, and the Tg value obtained
by approach (1) becomes sensitive to the temperature ranges fitted by tangents [48].
Non-constant values for α in the glassy and rubbery state are taken into account by
approach (2), as well as the use of appropriate fit-functions (3), e.g. a polynomial
fit-function as used in [25]. To overcome the drawback of unphysical oscillations
introduced by polynomials, we propose a new fit-function for the thermal expansion
α, based on the formula of Forrest and Dalnoki-Veress [57]:
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Fig. 5.5 Sketch to illustrate the trends of the thermal expansion α and the fit parameters G, M, A, B

The fit-function for α(T ) additionally reflects a linear behavior of the thermal expan-
sion in the glassy and rubbery state. Parameters are the temperature T , Tw, the width
of transition w, as well as the values G, A and M, B describing the linear behavior
in the glassy and the rubbery state, respectively (Fig. 5.5). In the case where A = 0
and B = 0 (and the value of α is constant in the glassy and rubbery state) this new
formula for α(T ) matches the formula of Forrest and Dalnoki-Veress exactly. The
fit-function for the modelled ellipsometric thickness d(T ) is obtained by integration
of α(T ), while Li2 is the dilogarithm function.
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With this fit-function for d(T ) the glass transition temperature Tg and the widthw
of the transition can be determined directly from themodeled ellipsometric thickness
data, while the signal-to-noise ratio should be improved as compared to the use of
direct data for α(T ) obtained by derivation of the modeled ellipsometric thickness
in approach (2).
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Fig. 5.6 Film thickness d and refractive index n as a function of temperature for a 12nm thin
PMMA film on Si/SiOx (left) and the corresponding quantities after refractive index fixation to
the bulk value (nbulk = 1.488 at λ = 589nm) (right). The noise in d(T ) is minimized, however
information in n(T ) is not available anymore

At this point it is worth to note, that with decreasing length scale the contrast of the
glass transition defined as the ratio of the thermal expansion α of the rubber-like state
to that of the glassy state is reduced [59]. As the contrast of the transition decreases,
it becomes more and more difficult to identify the transition and by definition it is
not possible anymore for a contrast value of 1.

Contrast = αrubber

αglass
≥ 1 (5.1)

In practice, any data exhibits scatter and noise, and the ellipsometric identification of
Tg becomes impossible for very thin films. In ourmeasurementswith film thicknesses
below 20nm the overall changes in ellipsometric angles with increasing temperature
are so small that the difference in slope above and below Tg is obscured by the noise
level in the data. Furthermore, slight non-linearities in the dependence of ellipso-
metric angles on film thickness are particularly problematic as well as the separate
determination of n and d due to parameter correlation for very thin films. Therefore,
for films with a thickness below 20nm the refractive index was fixed to nbulk cal-
culated for thick films (d > 100nm) using a Cauchy dispersion (Fig. 5.6). With this
approach the thinnest films (>10nm) were barely analyzable with good accuracy.
Below 10nm film thickness the noise of the data was still adequate but the changes
in thickness and refractive index are very small and hence the determination of Tg
is afflicted with a distinctive experimental error up to 10 K. Such difficulties lead to
an effective lower limit of sensitivity in this technique to determine Tg in extremely
thin films.

New methodical developments for the ellipsometric determination of Tg were
discussed in recent years to improve the sensitivity of the method, and Tg values are
reported for films as thin as 1–2nm [60, 61]. Additionally, the influence of the free
surface roughness on the Tg obtained by ellipsometry was evaluated in detail [62],
and the evaluation of the layer fragility from ellipsometric data introduced [63].
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5.5 Glass Transition in Thin Polymeric Films in
Dependence of Film Thickness – Some Exclusive
Examples

5.5.1 Effect of Polymer Architecture and Functional Groups

5.5.1.1 Linear Polymers

In linear polymers the bulk glass transition is, beyond the chemical composition,
mainly determined by the molecular weight, i.e. degree of polymerization, which
scales with the chain length. The key quantity thereby is the entanglement molecular
weight, which represents the degree of polymerisation above which the chains can
form loops to entangle with each other. In this regime Tg is independent of Mw, while
below the entanglement molecular weight Tg reduces with decreasing chain length.

For free-standing films of PS it has been claimed that even far above the entangle-
ment molecular weight Tg shifts induced by thin film confinement are chain length
dependent [40, 57]. Although some publications present coinciding data [55], other
reports show conflicting results [35].

Similarly, in the case of PS films supported on a solid substrate a huge variability
of results has been published (see Table 5.2). As a matter of fact, some investigations
using the complementary techniques SE and BDS on films prepared and measured
under identical and appropriate conditions (e.g. controlled annealing, purging with
argon) find no effect of the film thickness on Tg down to 5nm for PS of different
molecular weights (Fig. 5.7) [17, 44].

5.5.1.2 Branched and Hyperbranched Polymers

For linear polymers a vast number of controversial experimental results are reported,
as discussed in Sect. 5.2.2. To the best of our knowledge, in most cases exclusively
linear homopolymers like PMMA or PS were in the focus of such studies [30, 35,
42, 57]. However, other polymer architectures like dendritic macromolecules are
likely to exhibit properties very different from their linear counterparts due to their
branched, globular structure, their high number and density of functional groups as
well as their low viscosity attributable to significantly reduced entanglements [2,
3, 64, 65]. Due to the often tedious and complicated preparative synthesis these
materials have rarely been in the focus of confinement investigations.

However, several exclusive polymer systems with special architecture are studied
in this context. Studies on PS derivatives ranging from linear to selected star-like
and hyperbranched topologies showed that the glass transition is not significantly
affected by the polymer topology in films down to 15nm [66]. In another study
Glynos et al. systematically varied the number of arms f and the molecular weight
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Fig. 5.7 Tg-shift �Tg (measured by SE) of thin films of linear PS with different molecular weight
as indicated verses film thickness d (closed symbols). Within the experimental accuracy, no devi-
ation from the bulk Tg is found for all investigated molecular weights down to film thicknesses
of 10nm. The study contains complementary measurements by BDS (shift of the alpha relaxation
temperature �Tα measured at a frequency of 1kHz is displayed) down to 5nm thickness which
delivers coinciding results (open symbols). (Modified after [25])

per arm of star-shaped PS and observed maximum changes in the Tg of 6K for 30nm
thin PS films, respectively [67].

Although the topology has no significant influence on the Tg of PS films, varying
the interfacial interactions between polyester and the substrate bymodification of the
functional groups of the polymer induced significant effects. Depending on the nature
of interactions, Tg was increased up to 14 K or depressed up to 9 K (Fig. 5.8) [56].
However, especially for hydroxyl-terminated polyester it was found out that these
functional groups are temperature sensitive and may undergo crosslinking, although
such effects are not known from the corresponding bulk analogues. Of course, such
crosslinking may lead to higher glass transition temperatures.

5.5.2 Effect of Interfacial Interactions Between Polymer
and Substrate

Since a large fraction of molecules in a thin polymer film is in direct contact with the
supporting substrate, it is expected that the type of interaction of the polymer with
the solid interface is of great importance for the dynamics. It has been proposed that
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Fig. 5.8 Impact of interfacial interactions between substrate (Si/SiOx ) and systematically function-
alized aromatic-aliphatic hyperbranched polyesters on the glass transition temperature in depen-
dence on film thickness d (Tg–shifts �Tg measured by SE are displayed). Different functional
groups were studied: hydroxyl –OH (squares), benzoyl –OBz (circles), tert.-butyldimethylsilyl
–OSi (stars). (Modified after [56])

Fig. 5.9 Tg (closed symbols) and Tα (open symbols) of atactic PMMA (molecular weight Mw =
319kg/mol) on different substrates as determined bymeans of SE and BDS, respectively. The insets
show the water contact angle of the differently modified substrates in order to give an impression
about the capability and type of interfacial interactions with PMMA on the corresponding substrate.
(Modified after [44])
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strong interactions result in increasing Tg while weak interactions would cause the
opposite [20].

For a systematic investigation of different polymer-substrate interactions PMMA
was deposited onto different substrates: (i) hexadimethylsilazane (HDMS) coated
silicon, (ii) gold coated silicon, (iii) silicon with a native oxide layer. Additionally,
PMMA covalently bond to silicon (PMMA brush) was studied. The interactions
are in order of increasing strength; the highly hydrophobic HDMS surface interacts
weakly with the polar PMMA, gold is slightly hydrophobic, the native oxide has
surface OH-groups which can interact with PMMA, and finally the covalent bond is
the strongest type of interaction. Nevertheless, measurements of the glass transition
temperature by SE revealed that the type of substrate (HDMS-coated, gold or native
oxide) has no impact on Tg in films down to 10nm thickness (Fig. 5.9). Neither a
thickness dependence is detected in any of these substrates nor a difference in Tg
even of the thinnest investigated films was found on the different substrates. These
results were verified by complementary BDS experiments of identically prepared
samples. In the PMMA brushes, Tg was about 3 K larger whereas again no thickness
dependence was found in the studied thickness range from ∼25 to 120nm.

5.6 Summary and Outlook

The preparation of nanoscopic, well-defined structures as well as the resultingminia-
turisation of construction components can be seen as the character of the modern
industry. However, due to the dimensional confinement unexpected material proper-
tiesmayoccur. In this context, the glassy dynamics in nanoscopic polymer geometries
is a highly topical but also controversially discussed subject. Since about 20 years
the genesis of confinement effects on Tg is still not completely neither theoretically
nor experimentally understood. Certainly, most robust results suggest that Tg devia-
tions occur quite below film thicknesses of 15nm and can be assigned to interfacial
interactions. Thereby, strong attractive interfacial interactions will increase Tg in
nanoscopic films whereas repulsive interactions will influence Tg vice versa.

Studying films below 15nm is therefore of special interest. However, investiga-
tions require an extremely high sensitivity of the applied analytical method, well-
defined polymer systems and corresponding layer stacks as well as clean room
conditions to name a few. In this regard, spectroscopic ellipsometry is a quite
versatile and unique analytical tool with appropriate sensitivity, simple and robust
device setup, fast measurement periods and the possibility to on-line monitor films.

Further, this topic is not only in focus of academic science. Especially the glass
transition temperature and the closely related stability of polymeric components e.g.
flexible solar-cells, e-papers, sensors and actors or computer chips are of particular
industrial interest.
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Chapter 6
Polymer Brushes, Hydrogels,
Polyelectrolyte Multilayers:
Stimuli-Responsivity and Control
of Protein Adsorption

Eva Bittrich, Andreas Furchner, Meike Koenig, Dennis Aulich, Petra
Uhlmann, Karsten Hinrichs and Klaus-Jochen Eichhorn

Abstract The research field of smart polymer surfaces benefits from non-invasive
ellipsometric investigations, especially in-situmeasurements,monitoring the swelling
of polymer films and protein adsorption processes thereon at varying ambient condi-
tions. With ellipsometry in the VIS-range layer thickness and refractive index of the
polymer layers can be evaluated. Appropriate models for in-situ measurements will
be discussed and results of the influence of solution parameters summarized. In-situ
IR-ellipsometry provides information about changes in the vibration band structure
for swelling and adsorption processes, where opticalmodelling in the IR-range yields
complementary information about layer thicknesses and structural properties.
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6.1 Introduction

Soft matter films made from special polymer materials are very appealing for the
development of smart surfaces [1–3]. For these polymer films type and rate of
response to environmental stimuli can be regulated by chain length, composition,
architecture, and topology. Different types of film architectures were developed in
the past decades, among them smart polymer brushes [4–7], hydrogels [8], and poly-
electrolyte multilayers (PEM) [9–11]. These architectures are sketched in Fig. 6.1.

Polymer brushes are formed of polymer chains grafted in close proximity. To
avoid unfavorable interaction the conformational dimension of the polymer chains is
altered as compared to an unperturbed chain in good solvent, and is more extended
away from the substrate [5]. The brushes are usually characterized by the distance
between the grafting sites (the grafting density) and the height of the brush layer.

In the beginning, brushes were investigated because of their positive influence
on the steric stabilization of colloids [12]. But also possible applications like the
formation of chemical gates [13–15], tunable adhesion of biomolecules [16–20],
liquid separation in capillaries [21, 22], mechanosensitive surfaces [23], or sensor
applications with immobilized nanoparticles and enzymes [24–26] were discussed
in recent years for different compositions of polymer brushes. Furthermore, biocom-
patibility of selected brush architectures could be shown [27–30], and utilized for
the generation of bioactive surfaces [31, 32].

Stimuli-responsive polymer brushes, e.g. pH- or temperature sensitive, offer the
possibility to tune swelling properties dependent on environmental conditions. Tem-
perature sensitive poly(N-isopropylacrylamide)(PNIPAAm) brushes are intensely
investigated because of the lower critical solution temperature (LCST) of PNIPAAm
at 31 ◦C, close to the human body temperature [33–35]. For pH-sensitive brushes
weak polyelectrolytes like poly(acrylic acid) (PAA) or poly(vinyl pyridine)(PVP)
are interesting because of their specific swelling properties characteristic for weak
polyelectrolyte brushes [16, 36, 37].

Hydrogels are three-dimensional cross-linked polymer networks built up of
homopolymers or copolymers. They are hydrophilic and swell in aqueous solutions.
Thus they are able to adsorb large amounts of water or biofluids, while they are
insoluble due to their physical or chemical linking points [38–40]. Physical links

Fig. 6.1 Schematic drawings of polymer brushes, hydrogels, and polyelectrolyte multilayers
(PEM). For the hydrogel film linking points of the network are marked black. In the PEM polyan-
ionic and polycationic chains are marked in different shades of gray
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can be crystallites or entanglements, and chemical linking is achieved by chemical
bonds or junctions of branched polymers.

Because of their high degree of hydration, hydrogels are often biocompatible, and
have a potential for applications in pharmaceutic or medical devices, for example
as contact lens material [41], as material for artificial organs [40], but also as drug
release systems [42, 43]. They aremost appealing for tissue engineering because their
consistency (high degree of hydration, flexibility) is very close to natural tissues [39].

Like polymer brushes, hydrogels can be built up from smart polymers, leading
to stimuli-responsive hydrogels, e.g. pH- and temperature sensitive or sensitive to
electromagnetic radiation [38]. Common monomers that are used for the prepara-
tion are, among others, hydroxyethyl methacrylate (HEMA), N-isopropylacrylamide
(NIPAAm) or methacrylic acid (MAA) (see Table1 in [39]). Especially for drug
delivery systems the specific design of polymers with tailored properties is desired.

Polyelectrolyte multilayers (PEM) consist of layers of polyions with opposite
charges in each layer, and are prepared by layer-by-layer deposition via dip- or spray-
coating [9–11]. Alternate adsorption of positively and negatively charged polyions
leads to individual layerswith control of the layer thickness on the nanoscale. Electro-
static interaction between the polyions and with the charged substrate, but also short
range interaction like van der Waals forces, hydrophobic interaction, or hydrogen
bonding are the basis for the multilayer built up [10].

PEM are prepared as films but also as microcapsules, where the latter are inter-
esting for applications as microsensors, drug delivery systems or microreactors [44,
45]. The microcapsules are multilayer shells prepared by layer-by-layer deposition
on colloidal templates and subsequent dissolving of the core. Biodegradable PEM
films are promising as coatings for implantmaterials and subsequent local drug deliv-
ery at specific implantation sites. Here charged and biodegradable biopolymers, e.g.
polysaccharides and polypeptides, are used for the film preparation [10, 46].

Stimuli-responsive PEM are also of interest and another approach to applications
in medical devices or pharmaceutics, as mentioned for hydrogels and brushes above.
For example, for temperature sensitive PEMcharged derivatives of PNIPAAmaswell
as block-copolymers containing PNIPAAm are used. However, a reduced stimuli-
responsivity due to a strong interdigitation between adjacent layers in the PEM has
to be taken into account [44].

In-situ ellipsometry with liquid cell is increasingly used to examine soft mat-
ter surfaces in contact to aqueous solutions, to study the swelling of these surfaces,
adsorption processes, and the influence of solution parameters. Different setups for
the liquid cell were developed, where the most often used cell types have a fixed
angle of incidence [35, 47, 48]. The liquid cell is constructed as batch or flow cell.
Examples of different cell types are displayed in Fig. 6.2: (a) a simple, heatable batch
cell with fixed angle of incidence, we often used for VIS ellipsometry, (b) a flow
cell in top view for measurements in the mid-IR spectral range, and (c) sketches
of the VIS ellipsometric setup and the flow conditions of a flow cell suitable for
kinetic measurements. For possible liquid cell designs of a combined quartz crys-
tal microbalance—ellipsometry setup we refer to Chap. 17. An important aspect of
in-situ measurements are the flow conditions in the liquid cell. Flow can have a

http://doi.org/10.1007/978-3-642-40128-2_17
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significant effect on the experimental results especially when monitoring adsorption
processes and kinetics. In batch cells concentration gradients can occur, where in
common flow cells turbulent flow as well as shearing forces are possible. These
concentration inhomogeneities in solution can affect both: kinetics and equilibrium
value of the adsorbed amount of molecules.

Within the displayed flow cell (c) in Fig. 6.2, adsorption experiments are per-
formed at stagnation point flow conditions, where the solution impinges the surface
perpendicular through a cylindrical channel [49]. For these conditions the hydrody-
namics of the mass flux are well defined, and the kinetics of adsorption processes
can be addressed. However, setup-specific corrections have to be calculated due to
the finite spot size of the probing beam as compared to the infinitesimal stagnation

Fig. 6.2 Sketches of different liquid cell designs: batch cell for VIS-ellipsometry (a), top view of
an IR flow cell (b), and setup as well as schematic flow conditions in top view of a flow cell with
stagnation point flow conditions (c). The batch cell in (a) is equipped with a teflon covering and
can be installed on a heating plate. The main components of the flow cell (c) are: inlet tube (1),
substrate holder (2), substrate (3), drain (4), inlet tube positioner (5), and incident beam (6). Images
of the flow cell (c) were reprinted with permission from [49] (Copyright 2010 Elsevier), and of the
IR-cell (b) with permission from [50] (Copyright 2010 American Chemical Society)
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flow point, defined as the intersection of the surface and the symmetry axis of the
cylindrical channel.

For in-situ ellipsometry in the mid-IR spectral range, it is important that the pen-
etration depth of radiation in water is in the range of several tens of micrometers.
Therefore, for in-situ measurements of the solid/liquid interface in aqueous environ-
ments a cell with a transparent (silicon) substrate is used as displayed in Fig. 6.2b
[37, 50, 51].

Other aspects of liquid cells, that can have an influence on the measurement, are
the window properties or the temperature control. These features are discussed in
more detail, among others, in the Handbook of Ellipsometry by H. Arwin [48].

6.2 Ellipsometry on Swellable, Stimuli-Responsive
Surface Layers

The research on swellable stimuli-responsive surface layers benefits from ellipso-
metric measurements, since on the one hand swollen layer thickness, water content,
aswell as refractive index of the swollen films can bemodeled fromVIS ellipsometric
data. On the other hand, changes in vibrational bands (e.g. due to dissociation pro-
cesses) can be correlated to thickness andwater content from IR ellipsometric results.
The influence of changes in the environmental conditions like temperature, pH, or
salt concentration on the layer parameters can be addressed, and stimuli-responsivity
of different film architectures investigated.

6.2.1 Hydrophilic Polymer Brushes

For the modeling of water swellable polymer brushes, a layer-by-layer built up of a
simple box model with sharp interfaces between all individual polymer layers has
been considered appropriate for brush layers with wet thicknesses below ca. 100nm
[37, 47, 52, 53]. For brushes with wet thicknesses in theµm range the brush segment
density profile was modeled, using a complementary error function φ(z), and the wet
thickness was derived as twice the first momentum of φ(z) [54, 55].

Polymer brushes are for example prepared via the “grafting-to” method on silicon
substrate with Poly(glycidyl methacrylate) (PGMA) as anchoring layer [56]. For the
silicon substrate and the SiO2 layer tabulated refractive indices n(λ) can be used
[47]. For the very thin PGMA layer the refractive index is fixed to nPGMA = 1.525,
evaluated from ellipsometric data of a thick layer. For sufficient high layer thick-
nesses d (depending on the type of polymer) it is possible to model the wavelength
dependence of the refractive index of the polymer brush layer according to a Cauchy
dispersion (with k = 0 for transparent layers):
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n(λ) = A + B

λ2
(6.1)

Typical layer thicknesses, where the Cauchy dispersion can be applied, start around
10nm. Below n and d are usually correlated, and the refractive index is fixed to bulk
values of the respective polymers.

Furthermore, with the help of an effective medium approach (EMA) the water/
buffer content within the swollen brush layer can be determined. The approach
according to Bruggeman (6.2) was preferably used [35, 57, 58], which is based on
the assumption of a random mixture of polymer and water (or buffer) components
with volume fractions of the same magnitude. No host medium can be assigned to
one of the components.

0 = fa
εa − ε

εa + 2ε
+ fb

εb − ε

εb + 2ε
(6.2)

Here f a and f b are the volume fractions of two components a and b and εa,b are the
corresponding dielectric functions. ε is the dielectric function of the heterogeneous
medium. For transparent layers ε = (n + ik)2 equals n2 in the Bruggeman EMA.

Temperature Sensitive Poly(N-isopropyl acrylamide) (PNIPAAm) Brushes

PNIPAAm brushes are promising for the formation of responsive surfaces due to their
deswelling above a lower critical solution temperature of about 31 ◦C [34, 35]. Some
applications for these smart surfaces, like cell adhesion or adsorption of bacteria,
depend critically on changes in short range interactions, that can be introduced by
changes in the hydrophobicity of the surface [59, 60]. For other applications the
magnitude of conformational change is important, for example in the separation of
molecules due to their specific size, or the controlled binding of ligands [61, 62].

The swelling behavior of PNIPAAm brushes was studied with a variety of meth-
ods, including neutron reflectometry [63, 64], contact angle measurements [33, 34,
65, 66], surface plasmon resonance [65], atomic force microscopy (AFM) [33, 67,
68], in-situ attenuated total reflection Fourier-transform infrared (ATR-FTIR) spec-
troscopy [35], quartz crystal microbalance with dissipation monitoring (QCM-D)
[66], and ellipsometry [34, 35, 64, 66–69].

VIS- and IR-ellipsometry were applied to study swollen PNIPAAm brushes
leading to new insight into the swelling / deswelling process:

First of all the quality of the brush state can be retrieved from the dry brush
thicknesses modeled from ellipsometric data, where brush criteria for good and bad
solvent conditions exist [34, 35]. Thus the quality of the brush can be estimated,
whether a true brush regime or an intermediate regime (mushroom conformation)
between stretched chains and unperturbed coil is present.

The deswelling of PNIPAAm brushes was found to depend on the grafting den-
sity of the polymer chains. Figure6.3 shows changes in the buffer content with
temperature for several grafting densities at a molecular weight of PNIPAAm of
47,600 g/mol, modeled from VIS ellipsometric results [35]. An increase of the
temperature region with maximum deswelling was observed for decreasing graft-
ing densities, pointing at a more heterogeneous deswelling process at low grafting
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Fig. 6.3 Percental buffer content in swollen PNIPAAmbrushes (47,600 g/mol) on silicon substrate
as a function of temperature and grafting density. Measurements were done with a VIS ellipsometer
using a batch cell. The data was evaluated with a simple box model. Adapted with permission from
[35]. Copyright 2012 American Chemical Society

densities. A transition from the brush to the mushroom regime with increasing tem-
perature possibly occurs at lower grafting densities, affecting the deswelling of the
PNIPAAm “grafting-to” brushes.

The buffer content of the swollen brush layers was almost identical below the
LCST, but depended on the grafting density above the LCST. Formost of the brushes,
the buffer content decreased with increasing grafting density, reflecting a higher
density of deswollen chains at the surface. An exception was observed for the PN47k
brushwith the highest grafting density. It is assumed that this points to the fact that the
latter films have a brush conformation below and above the LCST, and the deswelling
is reduced due to increased interchain interactions.

The decrease in brush quality with increasing temperature is hold responsible for
the high “switching amplitude” observed in swollen brush thickness (not shown) and
buffer content, which is most desirable for applicational purposes.

Infrared ellipsometry also confirms the deswelling of PNIPAAm brushes with
increasing temperature. The infrared spectral range gives access to the molecular
vibrations of PNIPAAm and water, which in turn provide complementary insights
into structural properties of the brush–water interface. Figure6.4 shows in-situ tan Ψ

spectra of a 132,000 g/mol brush with a grafting density of 0.06nm−2 below and
above the LCST [69]. Changes in band amplitude of the water-stretching vibration,
ν(H2O), in band position of PNIPAAm’s CHx stretching and bending vibrational
bands, and in composition of the polymer’s amide I and II bands indicate structural
changes of the brush that correlate with deswelling effects and changing molecular
interactions. This was quantified by fitting the tan Ψ spectra assuming a Brugge-
man effective-medium approximation of PNIPAAm and water after (6.2). Specif-
ically, PNIPAAm’s dielectric function was modeled by a sum of Voigt oscillators
to account for the various molecular vibrations and molecular interactions, such as
intra- and intermolecular hydrogen bonding between PNIPAAm’s amide groups and
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Fig. 6.4 Measured and fitted
tan Ψ spectra of a thin wet
PNIPAAm brush
(ddry = 12.6 nm) below and
above the LCST referenced
to water spectra at the
corresponding temperatures.
Adapted with permission
from [69]. Copyright 2017
American Chemical Society

surrounding water molecules. The high spectral contrast in the infrared enabled IR
ellipsometry to determine brush thicknesses and hydration states, and to correlate
the swelling–deswelling transition with changes in amide–water and amide–amide
hydrogen-bond interactions [69].

pH-Sensitive Brushes

Polymer brushes, that swell dependent on the concentration of ionic charges in solu-
tion, are referred to as sensitive to pH and salt concentration. These brushes are build
up from weak or strong polyelectrolytes. Like temperature sensitive films, these
brushes are suited for the formation of smart surfaces with possible application in
the biotechnological field [70, 71].

Weak polyelectrolyte brushes consisting of poly(acrylic acid) (PAA) swell sensi-
tive to pH and show a characteristical swelling with ionic concentration in solution.
Investigations with VIS-ellipsometry provided these characteristic dependency of
swollen brush thickness on salt concentration [36, 52, 54], and IR-ellipsometric
measurements proved the dissociation process along the tethered polymer chains
with changes in the solution pH [50].

In Fig. 6.5 the swollen brush thicknesses dependent on ionic strength for three
different pH and grafting densities are displayed [52]. The nonmonotonic character-
istic of the thickness, with a maximum of swollen brush thickness at medium salt
concentration, agrees well with the theory on the swelling of weak polyelectrolyte
brushes [72]. For these weak polyelectrolytes the degree of dissociation depends
on the salt concentration in solution, resulting in three different brush regimes with
increasing salt concentration: osmotic, salted, and neutral brush. At the ionic strength
of maximum swollen brush thickness the osmotic brush at low salt concentrations
changes to a salted brush. In the salted regime the degree of dissociation is the same
inside the brush and in the bulk solution, while in the osmotic regime the degree of
dissociation is reduced in the brush, which leads to a lower swollen brush thickness.
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Fig. 6.5 Swollen brush thickness H of PAA dependent on the ionic strength of solution (in M) for
three different pH: pH 4 (a), pH 5.8 (b), and pH 10 (c). The symbols (square, circle and triangle)
indicate different grafting densities of PAA (in chains/nm2), as displayed in the upper corner of
the graphs. Measurements were done with a VIS ellipsometer using a custom-designed solution
cell and thicknesses evaluated with a graded EMA model. Reprinted with permission from [52].
Copyright 2007 American Chemical Society

The pH-dependent switching of a PAA mono-brush was also investigated using
in-situ Infrared Spectroscopic Ellipsometry (IRSE) [50]. The measured ellipsomet-
ric parameters tan Ψ and� can be interpreted by optical simulations giving access to
structural parameters as e.g. molecular orientations and optical constants. Depending
on amplitude and orientation of the transition dipole moment of a specific molecu-
lar vibration, characteristic bands are seen in the ellipsometric spectra. The overall
thickness of the PAA brush in the dry state was ≈5nm. Reversible switching of
the polymer brush was studied at titration from pH 2 to pH 10 and back in steps
of 1 pH unit. The switching process was observed by monitoring the characteristic
vibrational bands of the carboxylic groups of the PAA molecules (Fig. 6.6 left side).
Decreasing of the C=O vibrational band at ≈1728cm−1 amplitude and arising of
COO− vibrational bands at 1414 cm−1 and 1560 cm−1 proved the chemical changes
in the molecular structure of the brushes due to changes of the pH value in the aque-
ous solution. Switching the brush in several cycles with increasing and decreasing
pH value showed a hysteresis-like behavior (Fig. 6.6 right side).

This hysteresis-like behavior was not reported for polyelectrolyte brushes so far.
Lowering the pH value to the starting value of 2 brought the brush back into its initial
state. In-situ measurements with spectroscopic ellipsometry in the visible range were
used to correlate the observed dissociation with the swelling degree of the brush.
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Fig. 6.6 tan Ψ spectra referenced to the spectrum at pH 2 for the pH-dependent switching of a
PAA brush increasing the pH from pH 2 to pH 10 (left side), and the tan Ψ amplitude of the COO−
vibration at 1560cm−1 compared to the swelling degree of the brush (right side). In-situ IRSE
was performed with a cell which allows for the penetration of radiation through the backside of a
trapezoidal silicon substrate with an angle of incidence of 50◦. Reprinted with permission from
[50]. Copyright 2010 American Chemical Society

Other methods like streaming potential, contact angle and X-ray standing wave
measurements complement the ellipsometric results, proving the pH-sensitive dis-
sociation process of weak polyelectrolyte brushes [50, 73].

pH-sensitive polymers like the polyanionic PAA and the polycationic poly(vinyl
pyridine) P2VP can be combined into binary mixed brushes [51, 74]. These films
show a very interesting complex swelling behavior as presented in Figs. 6.7 and
6.8. In-situ IR-ellipsometry was used to probe chemical changes in the PAA-P2VP
mixed brush [51]. Titration experiments were performed with the mixed brush in the
range from pH= 2 to pH= 10. The analysis of the pH-dependent spectral signature,
as displayed in Fig. 6.7, provided direct evidence for hypotheses of pH-dependent
structural changes in the mixed brush based on previous in-situ VIS-ellipsometric,
contact angle and zeta potential results [74]. In contrast to the latter methods, the
IR-spectra can be directly associated with structural and chemical properties of the
brush. Thus, for the first time, the direct evaluation of the chemical composition and
the interaction between two polyelectrolytes in a mixed brush was reported. It was
revealed that the mixed brush demonstrates IR spectra which are similar to those of
corresponding polymers in aqueous solutions (with the exception of P2VP, which is
insoluble at pH > 4; hence, it was not possible to prepare basic solutions of P2VP)
at pH = 2 and pH = 10. At around pH = 6.0, the IR-spectrum of the mixed brush
resembles that of the PAA-P2VP polyelectrolyte complex prepared by mixing these
twopolymers in aqueous solution. The observed frequency shifts and changes of band
amplitudes are consistent with the model as shown next to the spectra in Fig. 6.7.
In basic aqueous solutions, the mixed brush is constituted of swollen and ionized
PAA chains, while deprotonated P2VP chains are collapsed. The inverse situation is
present in acidic solutions: P2VP chains are protonated, ionized and swollen, while
compact coiled PAA chains are not ionized. In the range of pH around the isoelectric
point (pH = 4–7), the mixed brush forms a hydrophobic polyelectrolyte complex.
In this pH range, both components of the mixed polymer brush are partially ionized,
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Fig. 6.7 Referenced IR-ellipsometric tan Ψ spectra of a PAA-P2VP brush for the pH range from
pH = 2 to pH = 10 (left), schematic drawings of the expected chemical structure of the mixed
brush at selected pH values of pH = 2, 7, and 10 (middle), and a schematic model for the pH-
dependent structures of the mixed brush (right). Adapted with permission from [51]. Copyright
2009 American Chemical Society

Fig. 6.8 Swollen brush
thickness as a function of pH
for PAA and P2VP mono
brushes as well as the
PAA-P2VP mixed brush.
Measurements were done
with a VIS ellipsometer
using a batch cell, and a
simple box model was
applied. Adapted with
permission from [75].
Copyright 2012 American
Chemical Society

and the polyelectrolyte complex is formed as a result of these ionized functional
groups. The pH-dependent swelling behavior due to charge dissociation along the
chains is clearly reflected in the VIS-ellipsometric results in Fig. 6.8. The mixed
brush is swollen at low and high pH following the characteristics for PAA and P2VP
mono brushes, respectively. At intermediate pH the polyelectrolyte complex leads
to a deswelling of the mixed brush system.
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Polyelectrolytes were also combined with other types of polymers into mixed
brushes, e.g. with hydrophobic polystyrene (PS) [76], with PNIPAAm [77], or even
in ternary brushes with hydrophilic polyethylene glycol (PEG) and PS [78, 79].
PS leads to a mixed system with sensitivity towards organic solvents. PNIPAAm-
PAA brushes were presented as the first pH- and temperature sensitive brush system
with unique and complex swelling behavior due to an interaction of the individual
chains at certain pH. This system could also be discussed as a thin hydrogel film
with physical linkage rather than chemical joints in the network [80]. The swelling
behavior of the ternary brush system is similar to the one of pure PAA brushes, for
which the water swellable PEG served as a pH-insensitive reference brush [78].

6.2.2 Hydrogels

Hydrogels with a wide range of thicknesses can be prepared: relatively thin in the
nm range [8, 81] to µm thick films [82]. Swelling in water and water vapor is
investigated, relevant for applications such as contact lens materials [83]. For nm
thick hydrogel films a box model with Cauchy layers is successful [81], while
for µm thick films optical gradient profiles are recommended for an appropriate
modeling of the swollen hydrogels. Junk et al. developed such gradient profiles for
PNIPAAm containing hydrogels on the basis of surface plasmon resonance/optical
waveguide mode spectroscopic measurements [82]. In their analysis they divided the
hydrogel film into sublayers with uniform refractive index. In Fig. 6.9 the gradient
profiles for n (λ = 632.8nm) are displayed at different temperatures. The collapse of
the hydrogel with increasing temperature is reflected in the decrease of the total layer
thickness and in the increase of the refractive index of hydrogel sublayers close to

Fig. 6.9 Profiles of the refractive index and the polymer volume fraction at different temperatures:
42 ◦C (empty squares), 36 ◦C (circles), 32 ◦C (upturned triangle), 28 ◦C (diamonds), 20 ◦C (down-
turned triangle), and 5 ◦C ( filled squares). Measurement data was obtained by combined surface
plasmon resonance and optical waveguide mode spectroscopy, and modeling was done by an EMA
(Bruggeman) and the Wentzel-Kramers-Brillouin method. Reprinted with permission from [82].
Copyright 2010 American Chemical Society
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the substrate surface at higher temperatures. Especially interesting is the refractive
index profile close to the transition temperature at 32 ◦C (upturned triangle). The
profile forms an S-shaped curve, where the refractive index is strongly increased
close to the substrate, and the decrease is very smooth over �d ≈ 4µm. Junk et
al. discussed this inhomogeneous profile as characteristic for a collapsed hydrogel
state at the film-substrate boundary and a swollen hydrogel state at the film-solution
interface.

Toomey et al. found deviations between the measured � and the simulated one
at small angles of incidence, when applying the box model for a ca. 1.2µm thick
hydrogel film. They improved the model with a three parameter error function for
the modeling of roughness at the hydrogel solution interface [84], and obtained a
rough interface of ca. 200nm thickness.

Further PNIPAAm containing hydrogels were examined [85, 86], and n and d of
swollen films evaluated dependent on temperature. Schmaljohann et al. investigated
micro-patterned films with imaging ellipsometry, where the hydrogel patterns were
separated by 60µmwide groves [85]. In Fig. 6.10 3D profiles of � are displayed for
the extended hydrogel film at 25 ◦C (a, d = 65nm), and two more collapsed states
at 30 ◦C (b, d = 55nm), and 35 ◦C (c, d = 40nm). With this 3D profiles they could
show a swelling of the hydrogel layer solely in z-direction, since no change in the
resolution of the micro-pattern occurred.

Other temperature sensitive components used are for example PVME [81, 87],
PVCL [88], and DMAAm [84]. Hegewald and Gramm et al. focused on the influence
of the radiation dose, used for cross-linking of the films by electron beam irradiation,
on the temperature sensitive swelling [81, 87]. Toomey et al. concentrated on the
swelling of the gel in water at room temperature and compared it to the swelling of a
free-standing network [84]. Thus they provided a basis for the discussion of hydrogel
properties in confined environments, attached to a surface.

More andmore importance is gained by hydrogel films build up from biopolymers
like cellulose [89], chitosan [90], or from hyperbranched polymers with oligosac-
charide architectures [91]. Cellulose thin films are interesting for example for cell
scaffolds, and swelling measurements provided details for the understanding of the
impact of chemical modifications on the physical properties of such films. The addi-
tion of oligosaccharides in hyperbranched polymer films increases their swelling
degree as well as their biocompatibility, and their possible use as drug carrier sys-
tems was examined.

Fig. 6.10 Collapse of a hydrogel pattern monitored by single-wavelength imaging ellipsometry.
Displayed is the map of the parameter � for 25 ◦C (a), 30 ◦C (b), and 35 ◦C (c). Reprinted with
permission from [85]. Copyright 2005 American Chemical Society
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6.2.3 Polyelectrolyte Multilayers

For the investigation of polyelectrolyte multilayers (PEM) ellipsometry is one of the
most applied techniques, since the measurement of the film thickness (dry, but also in
the wet state) during the layer-by-layer build up is a very characteristic parameter of
PEM [92, 93]. Starting with the adsorption of polyelectrolytes, ellipsometry helped
to verify the theory of adsorption and adsorption kinetics, the influence of flow
conditions on the adsorption [94–97], and the structural properties of PEM in the
buildup of the multilayers [98]. Influences of the pH [99, 100], the ionic strength
[98, 101, 102], thermal treatment [103], as well as the behavior in organic solvents
[104] were analyzed.

The influence of the pH of the dipping solution on the deposited layer thicknesses
of negatively charged PAA and positively charged poly(allylamine hydrochloride)
(PAH) is displayed in Fig. 6.11 [99]. PAA is dissociated about 20% at low pH and
reaches virtually full dissociation at pH 6.5. PAH stays completely ionized in the
whole low pH regime and starts to loose protons around pH 7. Interestingly, although
charge conditions are attractive between polycation and polyanion, the multilayer
built up was found to depend considerably on pH, and four different growth regimes
were identified by Shiratori et al. The multilayer built up is governed by the charge
density of the adsorbing polymer and the surface, as well as the chain conformation,
thickness, and free ionic binding sites of the previously adsorbed polymer. Shiratori
et al. concluded that these factors have different impact in the individual growth
regimes, leading to the observed dependency of layer thickness on pH. They used a
single-wavelength ellipsometer and measured the incremental dry thickness of the
multilayer after drying at 90 ◦C for 1h and storage for one day in air [105].

PEMwere also tested for stability and ion permeability in aqueous solution [106],
for their sensitivity on shear forces [107], and as new materials for the separa-
tion of gases [108]. Often, ellipsometry was complemented by other techniques
like e.g. dual polarization interferometry [109], zeta potential [92, 93, 107], X-ray

Fig. 6.11 Average thickness
of individual PAH (dashed
line) and PAA (solid line)
layers dependent on pH. The
dipping solution was at the
same pH for both types of
polymers. Thicknesses were
measured by
single-wavelength
ellipsometry. Reprinted with
permission from [99].
Copyright 2000 American
Chemical Society
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Fig. 6.12 Index of refraction
n and extinction coefficient k
of the polycation/dye
(PCA5/DR80) multilayer
system. The multilayer was
modeled by one effective
single layer with effective
optical constants and total
thickness. Reprinted with
permission from [112].
Copyright 2002 Elsevier

reflectometry [110], UV-VIS spectroscopy [93, 111–113], quartz crystal microbal-
ance with dissipation monitoring (QCM-D) [114], and neutron reflectometry [103,
115].

Polyelectrolytes were further combined with dyes in the multilayer system, e.g. a
polycation with a multicharged azo-dye [111–113]. These multilayers are promising
for optoelectronic devices or as model for loading of PEM with drugs. The optical
constants for the system of the polycation of integral type PCA5 (95mol.-% of N,N-
dimethyl-2-hydroxypropyleneammonium chloride units in the main chain) and the
dye Direct Red 80 are displayed in Fig. 6.12. The modeling of the ellipsometric data
� and tan Ψ was done in the following way: The multilayer was modeled as one
effective layer, since the sublayers cannot be treated separately. Dye and polycation
are expected to have very similar real parts n and the thickness of each sublayer
is of the order of Angström, where interfacial roughness is also expected. Firstly,
the data above λ = 650nm was fitted according to a non-absorbing Cauchy layer.
Secondly, the retrieved multilayer thickness (18.2nm) was fixed and the optical
constants (n,k) fitted in the whole spectral range by a simple point-by-point fit.
Above 650nm the latter fit matched the results obtained with the Cauchy layer.
The k-spectrum was very similar to UV-VIS spectroscopic results for the same
multilayer on glass measured in transmission. Thus the successful modeling of the
PEM, absorbing in the VIS-range around 550nm, could be confirmed. Nevertheless,
the fit of n and k could be improved using an oscillator model, which gives a better
Kramers-Kronig-consistency. A bilayer thickness of about 3nmwas calculated from
these results.

6.3 Concepts of Determining the Adsorbed Amount
of Protein on Different Polymer Films

Protein adsorption at surfaces can be described quantitatively by the adsorbed amount
of protein deposited, as well as protein layer thickness and protein refractive index.
The modeling of adsorbed protein films at smooth, rigid surfaces is well described
in the literature [48]. A common approach is to model the adsorbed amount with the
de Feijter formula (6.3) [116].
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Fig. 6.13 Modes of adsorption on a grafted polymer layer, displayed for the adsorption on a polymer
brush

Γ = d
n − namb

dn/dc
(6.3)

Here n is the refractive index of the protein and namb of the ambient, d the protein
layer thickness, and dn/dc the refractive index increment of the protein. The de
Feijter equation is based on the assumption of linearity of the refractive index n with
the concentration c of adsorbed molecules, as described in (6.4) [116, 117]. The
increase of concentration of adsorbed molecules �c can also be described as Γ/d.

n = namb + dn

dc
Δc (6.4)

The in-situ protein refractive index depends on the type of protein, the charge con-
ditions at the adsorbing surface, as well as on pH and ionic concentration of the
solution. Refractive indices in-situ were measured for several proteins upon adsorp-
tion at hydrophobized silicon with single-wavelength ellipsometry, and are in the
range of n(632nm) ≈ 1.37 [118]. Also a fixed value of n = 1.46 as protein refrac-
tive index can be found in the literature [119]. For dry albumin layers Arwin et al.
examined the dispersion relation with n = 1.575 at λ = 632nm [120].

The modeling of protein adsorption on swellable polymer films provides new
challenges as compared to the adsorption on rigid surfaces. Proteins can pene-
trate the swellable layers, and three modes of adsorption, primary, secondary and
ternary adsorption can occur, as displayed in Fig. 6.13 for the adsorption on polymer
brushes [12].

Secondary adsorption is the adsorption of protein on top of the polymer film and
can be modeled as described shortly above. Primary adsorption occurs when pro-
teins penetrate the film and adsorb at the substrate, and ternary adsorption describes
the direct adherence of proteins at the polymer chains. For the latter two types of
adsorption new concepts for the modeling of ellipsometry data are necessary. Since
the protein does not form a distinguishable top layer, in these cases a modeling of
the protein adsorption with one combined polymer-protein layer is needed.
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A modified de Feijter approach is suggested for the calculation of the adsorbed
amount of protein from ellipsometric data based on the equation used by Xue
et al. for the quantification of very small protein amounts at PNIPAAm brushes [34].
They considered the increase of concentration �c of molecules inside the brush by
taking the refractive index of the swollen brush nbrush instead of namb in the de Feijter
equation (6.3). When a virtual two layer model for the calculation of Γ is applied,
this approach can also be used for high adsorbed amounts e.g. at PAA brushes. One
layer is given by the polymer brush with protein molecules that have penetrated the
brush, and is represented by the swollen brush thickness dbrush and the refractive
index of the combined polymer-protein layer ncomb after adsorption. With the second
layer an increase in thickness of the combined layer as compared to the swollen
brush thickness is taken into account. Thus the second layer is assumed to be built
up solely of (hydrated) protein molecules with the parameters dadd = dcomb − dbrush
and ncomb. Now the change in molecule concentration in layer one is represented
by ncomb − nbrush and in layer two by ncomb − namb. With the help of (6.3) a new
expression for Γprot can be derived:

Γprot = dbrush
ncomb − nbrush

dn/dc
+ dadd

ncomb − namb

dn/dc
(6.5)

dcomb and ncomb are the parameters modeled for one combined polymer-protein layer
with a Cauchy dispersion after the adsorption process. dn/dc is the refractive index
increment of the protein. Typically n(633nm) is taken for the calculation of Γ .

For the adsorption of small amounts of protein at PNIPAAm brushes, Xue et al.
referenced the ellipsometrically determined amounts with radio assays of 125[I]-
labeled protein [34], while for high amounts (10 − 20mg/m2) of RGD-peptides
covalently bound to PAA brushes the calculated amount from ellipsometry data was
in good agreement to reversephase HPLC-analysis of the extracted amino acids of
RGD [121].

The modeling of the adsorbed protein amount from reflectometric data is
another important approach [117, 122, 123]. With single-wavelength reflectometry
the adsorbed amount can be obtained directly from the measurement signal S. Kinet-
ics can be addressed due to short measurement times, which are solely determined by
the response times of the detecting elements (photo diodes) and the signal processing.
The measurement signal S is the ratio of the reflected intensities with polarization
parallel and perpendicular to the plane of incidence, which changes upon adsorption
of molecules. Dijt et al. showed, that the change in the signal S upon adsorption
ΔS = S − S0 is proportional to the adsorbed amount Γ [117].

Γ = Q
ΔS

S0
(6.6)

For calibration of the system, the baseline Signal S0 is obtained before the measure-
ment by flowing a solution without protein through the cell. Q is a sensitivity factor
and depends on the angle of incidence, refractive index, and thickness of the surface
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layers on the silicon substrate, and the refractive index increment of the adsorbing
protein [123].

6.4 Protein Adsorption on Different Types of Smart
Polymer Brushes

With the help of smart surface layers, the adsorbed amount can be gradually tuned
dependent on different parameters like grafting density, or solution pH and tempera-
ture. Thus these layers have a high potential for applications in sensoric devices, and
as protein release systems, but also as anti-fouling coatings. Two classes of selected
brush systems will be discussed: Brushes with very small adsorbed amounts of pro-
tein, consisting of poly(ethylene oxide) (PEO) or PNIPAAm, and polyelectrolyte
brushes, that allow for rather high adsorbed amounts. These brush layers have a
high potential for applications in sensoric devices and as protein release systems.
Anti-fouling brushes allow for a low background of non-specific protein adsorption,
while functionalization methods (e.g. click-chemistry [124]) can be used to cova-
lently attach functional groups and to investigate specific interaction processes. With
polyelectrolyte brushes high amounts of functional proteins (e.g. enzymes) can be
immobilized in an active state and with minimal denaturation of the proteins [125,
126]. Additionally, first adsorption results for a ternary brush system including both
PEO and PAA will be presented.

6.4.1 Polymer Brushes Preventing Protein Adsorption

Protein resistant brushes are of great interest for bio-related applications by prevent-
ing non-specific protein adsorption as well as cell/bacteria adhesion. While non-
fouling behavior is hard to achieve for complex bio-fluids such as saliva, blood,
plasma or cell culture medium, resistance to single-protein solutions is observed for
a variety of brushes, among them PEO and PNIPAAm brushes.

Poly(ethylene oxide) (PEO) Brushes

It was found that PEO brushes can prevent protein adsorption at artificial surfaces
when the brush parameters molecular weight (chain length) and grafting density are
selected accordingly [122, 127, 128]. Currie et al. studied the dependence of the
adsorbed amount of bovine serum albumin (BSA) on the grafting density for three
different chain lengths [122]. They used reflectometry for the determination of the
adsorbed amount of protein [117].

An important result of the adsorption of BSA on PEO brushes was the finding of a
maximum of the adsorbed amount with grafting density for long PEO chains, where
previous experiments only showed the decrease of adsorbed amount with increasing
grafting density. Their results are displayed in Fig. 6.14.
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Fig. 6.14 Adsorbed amount
Γ of bovine serum albumin
(BSA) as a function of the
grafting density σ for three
different chain lengths of
PEO. Data was obtained by
reflectometry using a flow
cell. Reprinted with
permission from [122].
Copyright 1999 International
Union of Pure and Applied
Chemistry

For low as well as high grafting densities adsorption of BSA can be prevented,
where for intermediate grafting densities adsorption was evident. Thus they provided
important information on a brush design parameter (grafting density σ) for the built
up of soft matter surfaces with resistance to non-specific protein adsorption. This is
highly desired, e.g. to prevent biofouling or to specifically bind biomolecules that do
not react with the substrate unfavorably.

Poly(N-isopropyl acrylamide) (PNIPAAm) Brushes

For PNIPAAm brushes good protein resistance was observed below and above
the lower critical solution temperature (LCST) of ca. 31 ◦C [34, 129]. The protein
adsorbed amount was monitored by null-ellipsometry [129] and by spectroscopic
ellipsometry [34]. For the discussion of protein resistance the comparison of the
ellipsometric parameters � and Ψ before and after the adsorption experiment was
better suited than the adsorbed amount Γ , since Γ is more erroneous than the initial
parameters. Changes in � and Ψ for the adsorption of albumin at brushes with
different molecular weight are displayed in Fig. 6.15.

For the brushes with smallest molecular weight (28,500g/mol) and thus smallest
amount of polymer grafted to the substrate, a marginal protein adsorbed amount of
less than 0.1mg/m2 could be detected above the LCST. Increases in � and Ψ for
the adsorption at these brushes at 40 ◦C are visible, while for brushes with higher
molecular weight the differences in � and Ψ are close to zero, indicating virtually
no changes in the swollen brush parameters (refractive index and thickness) and thus
the resistance toward albumin adsorption.

Xue et al. simulated changes in � and Ψ upon protein adsorption and found very
low sensitivity of these parameters for adsorbed amounts below 1mg/m2 [34]. They
also compared the ellipsometrically determined adsorbed amounts of albumin with
results of the adsorption of 125[I]-labeled albumin analyzed with radio assays. They
could still detect adsorbed protein, when the ellipsometric measurements showed
zero adsorption. Thus a lower sensitivity limit for ellipsometrically measured protein
amounts has to be considered. Here null-ellipsometry is better suited than standard
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Fig. 6.15 Changes in the ellipsometric parameters� (a) andΨ (b) upon adsorption of human serum
albumin (HSA) at PNIPAAm brushes with different molecular weight. Data was collected with
single wavelength null-ellipsometry at λ = 633nm using a batch cell. Reprinted with permission
from [129]. Copyright 2010 American Chemical Society

spectroscopic ellipsometry for the investigation of very small adsorbed amounts,
because changes in � and Ψ as small as 0.01◦ can be detected. Further increase
in sensitivity is obtained with a total internal reflection ellipsometry (TIRE) setup,
utilizing the surface plasmon resonance effect of a metal substrate (see Chap. 18 for
details).

6.4.2 Protein Adsorption at Polyelectrolyte Brushes

Ionic charges along the polymer chains in soft matter surfaces are a characteristic
feature of films built of polyelectrolytes (PE), and such films are capable of loading
high amounts of protein, as well as releasing them dependent on salt concentration,
pH, and the specifics (e.g. isoelectric point) of protein and surface polymer. Thus
PE-mediated protein adsorption is investigated very intensely for different surface
architectures.

PAA Brushes

Albumin adsorption at PAA brushes will be presented. These brushes exhibit a
characteristic adsorption behavior with high adsorbed amounts around the isoelectric
point of the protein and adsorption at the “wrong side” of the IEP, when surface and
protein are likewise negatively charged [123, 130, 131]. This phenomenon can be
due to charge regulation/ reversal on the proteins, when the charge of weakly charged
amino acids due to the local electrostatic potential inside the polyelectrolyte brush
is adjusted [132]. But also positive charged patches exist on the protein, that can lead
to an entropically favorable replacement of the small counter-ions inside the brush
by protein molecules [133]. Penetration of protein molecules inside the brush layer
could be demonstrated with small angle X-ray scattering [134].

http://doi.org/10.1007/978-3-642-40128-2_18
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By use of fixed-angle reflectometry, de Vos et al. characterized the adsorption
of albumin at PAA brushes below and above the IEP of the protein dependent on
molecular weight and grafting density of the polymers, and on salt concentration
[123]. Calculation of the adsorbed amount followed the procedure developed by
Dijt et al. [117]. They found an increase of the adsorbed amount with increasing
molecular weight and grafting density over the measured pH range. With increasing
salt concentration the adsorbed amount is reduced. Here the critical pH for adsorption
at the “wrong side” above the IEP of the protein also decreases with increasing
salt concentration. The dependency of Γ on pH for different salt concentrations is
displayed in Fig. 6.16.

The pH dependent adsorption and desorption of HSA on PAA mono brushes
was also investigated by IR-ellipsometry [20]. The referenced tan Ψ spectra from
pH 5 to pH 7 as shown in Fig. 6.17 are dominated by the amide I and amide II

Fig. 6.16 Adsorbed amount
of bovine serum albumin
(BSA) dependent on pH at
different ionic strength for
the adsorption at PAA
brushes (grafting density:
0.1nm−2, chain length
N = 270). Measurements
were done with fixed angle
reflectometry using a
stagnation point flow cell.
Reprinted with permission
from [123]. Copyright 2008
American Chemical Society

Fig. 6.17 pH sensitive
IR-ellipsometric tan Ψ

spectra of HSA desorption
from a PAA brush with
increasing pH. Spectra are
referenced to the buffer
solution at pH 5. Reprinted
with permission from [20].
Copyright 2015 American
Chemical Society
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band of adsorbed protein. The height of the amide bands correlate with the amount
of adsorbed proteins. From electrostatically attractive conditions at pH 5 towards
repulsive conditions at pH 7 subsequent desorption was observed. Changes in the
ratio between Amide I and Amide II band can be mainly assigned to changes in the
IR signature of the pH-sensitive dissociation of the COOH-groups at the PAA chains
(see Fig. 6.6), while the protein structure is preserved. Structural stability for BSA
adsorbed at spherical and planar PAA brushes was likewise confirmed by FTIR and
ATR-FTIR measurements [135, 136].

Additionally, we used a combination of spectroscopic ellipsometry and quartz
crystal microbalance with dissipation (QCM-D) to investigate the adsorption of
albuminbelowandabove the IEPof the protein [131] (see alsoChap.17).Quantitative
information could be obtained about the amount of buffer components coupled to
the PAA brush surface upon swelling and protein adsorption. PAA brushes with
more than one anchoring point per single polymer chain were prepared. For the
swollen brushes a high amount of buffer was found to be coupled to the brush-
solution interface in addition to the content of buffer inside the brush layer. Upon
adsorption of bovine serum albumin the further incorporation of buffer molecules
into the protein-brush layer wasmonitored at electrostatic repulsive conditions above
the protein IEP. The adsorbed amount of protein Γ BSA

SE , the increase of surface mass
determined by QCM-D �Γ ads

QCMD, and the change in amount of buffer at the surface
�Γ ads

buffer for adsorption at the “wrong side” of the IEP at pH 6 is displayed in Fig. 6.18
(central image). The salt concentration was 1mM. In field I protein is inserted into
the measurement cell and adsorption takes place. The cell is filled with buffer to rinse
the surface in field II, and in field III protein is desorbed at pH 7.6. An incorporation
of excess buffer molecules was observed (Field I from 10min to ca. 30min of the
ongoing experiment). Thus, viscoelastically coupled buffer molecules are released
from the surface in the ongoing adsorption process, indicating an adjustment of

Fig. 6.18 Central image: Changes in the adsorbed amount of molecules (protein and buffer com-
ponents) at the PAA brush surface as derived from QCMD (�Γ ads

QCMD) and ellipsometry (Γ BSA
SE ), as

well as the calculated change in the amount of buffer components�Γ ads
buffer . Alongside are displayed

combined in-situ layer thickness dcomb and refractive index ncomb for begin (left) and end (right) of
the experiment. A flow cell suitable for combined QCMD-SEmeasurements was used (see Chap.17
for details)

http://doi.org/10.1007/978-3-642-40128-2_17
http://doi.org/10.1007/978-3-642-40128-2_17
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Fig. 6.19 Dry layer thickness of fibrinogen adsorbed onto different polymer brushes. The protein
was adsorbed from PBS buffer solution with 0.6mg/mL protein concentration. Dry thicknesses
were measured by single-wavelength ellipsometry with a fixed n of 1.5 for the protein. Reprinted
with permission from [78]. Copyright 2010 John Wiley and Sons

charges and possibly also charge distribution in the combined polymer-protein layer.
This peak in the amount of buffer �Γ ads

buffer is reflected in the in-situ refractive index
of the combined polymer-protein layer (left image). Desorption of protein at pH 7.6
(Field III) led to a very high stretching of the polymer-protein layer with peaks in n
and d (right image). Additional incorporation of high amounts of buffer could also
be observed, indicating the increase of negative charges on the protein molecules at
this elevated pH. Thus intermediate states in the adsorption and desorption process
can be monitored and interpreted with this combined measurement technique.

Ternary PEG—PAA-b-PS Brushes

First results of protein adsorption at ternary brushes are presented. These brushes
are built up of poly(ethylene glycol) (PEG) and the block-copolymer PAA-b-
poly(styrene) (PS), and were designed to tune hydrophobic interactions of the smart
synthetic surface with hydrophobic or amphiphilic molecules in an aqueous environ-
ment [78]. These interactions can be altered by changes in pH and salt concentration,
which was proven by AFM force-distance measurements. Alongside, swelling mea-
surements with spectroscopic ellipsometry confirmed the pH- and salt sensitivity of
the brush surface.

To show the switching of the brush interaction with proteins, fibrinogen was
adsorbed at the ternary brush and at the correspondingmono brushes fromPBSbuffer
solution. The thickness of the dry protein layer was evaluated (Fig. 6.19). For the
mono brushes adsorption was as expected. Higher fibrinogen thickness was obtained
for the hydrophobic PS brush than for the hydrophilic PAA and PEG brushes. Treat-
ment with CaCl2 salt showed no significant change in the fibrinogen thickness for
the PAA-b-PS mono brushes. Compared to the adsorption at the latter brushes, a
significant effect of the salt treatment could be observed for the adsorption at the
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Fig. 6.20 Adsorbed amount of glucose oxidase at PAA and P2VP brushes dependent on pH as
determined from SE measurements (a), and comparison of the specific activity of the immobilized
enzyme at the brushes and the free enzyme in buffer solution with varying pH (b). Error bars
represent the standard deviation of at least three measurements. Reprinted with permission from
[126]. Copyright 2016 Elsevier

ternary PEG—PAA-b-PS brush, proving the on and off switching of the interaction
between surface and protein in the ternary system.

Activity of Enzymes Adsorbed at Polyelectrolyte Brushes

Due to the high stability of proteins inside weak polyelectrolyte PAA brushes at low
ionic strength a good performance of bioactive molecules like enzymes is expected.
This could be confirmed for enzymes such as cellulase [137], β-glucosidase [125],
glucoamylase [138], or glucose oxidase [126].

We investigated the adsorption via ionic interactions of glucose oxidase to anionic
PAA- and cationic P2VP-brushes dependent on the pH, and connected adsorbed
amounts determined from ellipsometric data with the measurement of the specific
activity and the analysis of α-helix and β-sheet content by modeling FTIR-ATR data
[126]. High adsorbed amounts were obtained for pH 4.3–5.5 at PAA brushes, while
the amount of enzyme immobilized to the P2VP brushes was generally 3–4 times
lower in this pH range (Fig. 6.20a). However, the specific activity of the enzyme at
P2VP brushes was considerably higher than for immobilized glucose oxidase at PAA
brushes (Fig. 6.20b). At pH 4.3 the specific activity at P2VP brush surfaces was even
as high as of the free enzyme in solution. At pH 4 secondary structure analysis by
ATR-FTIR revealed a decrease of the α-helix and an increase of the β-sheet content
of the enzyme at PAA brushes as compared to the free enzyme in solution. This can
be interpreted as a loss of the structural ordering of immobilized enzyme, supporting
the low values of specific activity observed for these surfaces at comparable pH
conditions. For P2VP brushes the α-helix and β-sheet content were the same as for
the enzyme in solution, which is in good agreement with the high specific activity
at P2VP brushes. The enzyme was also immobilized at mixed brush surfaces of
the cationic and anionic polyelectrolytes with temperature-sensitive PNIPAAm and
switching of the activity of the enzyme at pH 4 between an active state at 20 ◦C and
a less active state at 40 ◦C could be achieved.
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6.5 Conclusion

In this chapter we reviewed the application of ellipsometry for the investigation
of soft matter surfaces sensitive to external stimuli. Examples of polymer brushes,
hydrogel films, and polyelectrolyte multilayers are presented, and the benefit from
ellipsometric measurements is discussed.

In-situ IR and VIS spectroscopic ellipsometry with liquid cell is used to observe
swelling of smart surface films, especially polymer brushes and hydrogels. The
triggers temperature, pH, and ionic strength of solution are mainly addressed so
far by ellipsometric measurements. Prominent polymers for the built up of the
smart films are poly(N-isopropylacrylamide) (PNIPAAm) (temperature sensitive)
and poly(acrylic acid) (PAA) (pH and salt sensitive). With VIS ellipsometry changes
in the swollen film thickness, the in-situ refractive index, and the solution content in
the film are analyzed. The simple boxmodel is used for layer thicknesses of the order
of 100nm, where for thicker films in the µm range the density profile of the film
has to be considered. IR ellipsometric measurements reveal dissociation processes
in the film, e.g. dissociation of COOH groups to COO− at PAA chains, and swelling
processes can be addressed. Due to the high spectral contrast originating from the
distinct vibrational bands of water and polymer, IR ellipsometry is very sensitive to
brush structure and water content.

The layer-by-layer built up of polyelectrolyte multilayers (PEM) is characterized
with VIS ellipsometry, and the optical constants of PEM as well as PEM with dye
molecules were determined.

For the calculation of the adsorbed amount of protein from VIS ellipsometric
measurements a modified de Feijter approach is presented. Cross-reference with
other techniques was done for very low as well as for high adsorbed amounts of
proteins/peptides. This approach should in principal also work to describe protein
adsorption at hydrogel films.

Single-wavelength ellipsometry and reflectometry are also suitable to monitor the
protein adsorption process. Especially reflectometry with a stagnation point flow cell
is recommended, when kinetics of adsorption shall be addressed.

Protein adsorption at polymer brushes dependent on grafting density, chain length
and solution parameters was investigated with in-situ ellipsometry and in-situ reflec-
tometry. New details of the adsorption process could be provided by these measure-
ments for protein preventing brushes as well as polyelectrolyte mediated protein
adsorption. Based on the latter the adsorption of bioactive enzymes to polyanionic
and polycationic brushes was connected to the specific activity of the immobilized
enzymes.

In conclusion, ellipsometry has a high potential to lead to new insights in the
behavior of smart, soft matter surfaces. New directions like light absorbing polymers,
the combination of several smart polymers, structured surfaces, or the adsorption of
more complex biofluids provide new challenges to adapt the measurement technique
and to reference ellipsometry with other methods.
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52. T. Wu, P. Gong, I. Szleifer, P. Vlček, V. Šubr, J. Genzer, Macromolecules 40, 8756 (2007)
53. S. Reichelt, K.J. Eichhorn, D. Aulich, K. Hinrichs, N. Jain, D. Appelhans, B. Voit, Colloids

Surf., B 69, 169 (2009)
54. M. Biesalski, D. Johannsmann, J. Rühe, J. Chem. Phys. 117, 4988 (2002)
55. D. Johannsmann, Functional Polymer Films (Wiley-VCH Verlag & Co. KGaA, 2011), chap.

Investigations of Soft Organic Films with Ellipsometry, pp. 629–647
56. K.S. Iyer, I. Luzinov, Macromolecules 37, 9538 (2004)
57. D.E. Aspnes, Thin Solid Films 89, 249 (1982)
58. D.A.G. Bruggeman, Annalen der Physik 24, 636 (1935)
59. T. Okano, N. Yamada, M. Okuhara, H. Sakai, Y. Sakurai, Biomaterials 16, 297 (1995)
60. L.K. Ista, V.H. Pérez-Luna, G.P. López, Appl. Environ. Microbiol. 65, 1603 (1999)
61. P.S. Stayton, T. Shimoboji, C. Long, A. Chilkoti, G. Chen, J.M. Harris, A.S. Hoffman, Nature

378, 472 (1995)
62. Y.S. Park, Y. Ito, Y. Imanishi, Langmuir 14, 910 (1998)
63. H. Yim,M.S. Kent, S.Mendez, G.P. Lopez, S. Satija, Y. Seo,Macromolecules 39, 3420 (2006)
64. S. Micciulla, O. Soltwedel, O. Löhmann, R. von Klitzing, Soft Matter. 12, 1176 (2016)
65. S. Balamurugan, S. Mendez, S.S. Balamurugan, M.J. O’Brien II, G.P. López, Langmuir 19,

2545 (2003)
66. P. Zhuang, A. Dirani, K. Glinel, A.M. Jonas, Langmuir 32, 3433 (2016)
67. Q. Chen, E.S. Kooij, X. Sui, C.J. Padberg, M.A. Hempenius, P.M. Schön, G.J. Vancso, Soft

Matter. 10, 3134 (2014)
68. Y. Yu, M. Cirelli, B.D. Kieviet, E.S. Kooij, G.J. Vancso, S. de Beer, Polymer 102, 372 (2016)
69. A. Furchner, A. Kroning, S. Rauch, P. Uhlmann, K.J. Eichhorn, K. Hinrichs, Anal. Chem. 89,

3240 (2017)
70. M. Ballauff, O. Borisov, Curr. Opin. Colloid Interface Sci. 11, 316323 (2006)
71. J.D. Willott, T.J. Murdoch, G.B. Webber, E.J. Wanless, Progr. Polym. Sci. 64, 52 (2017)
72. P. Gong, T. Wu, J. Genzer, I. Szleifer, Macromolecules 40, 8765 (2007)
73. R. Zimmermann, W. Norde, M.A. Cohen Stuart, C. Werner, Langmuir 21, 5108 (2005)



142 E. Bittrich et al.

74. N. Houbenov, S. Minko, M. Stamm, Macromolecules 36, 5897 (2003)
75. E. Bittrich, S. Burkert, K.J. Eichhorn, M. Stamm, P. Uhlmann, Control of Protein Adsorption

and Cell Adhesion by Mixed Polymer Brushes made by the Grafting-to Approach (American
Chemical Society, 2012), chap. 8, pp. 179–193

76. L. Ionov, A. Sidorenko, K.J. Eichhorn, M. Stamm, S. Minko, K. Hinrichs, Langmuir 21, 8711
(2005)

77. E. Bittrich, M. Kuntzsch, K.J. Eichhorn, P. Uhlmann, J. Polym. Sci., Part B: Polym. Phys. 48,
1606 (2010)

78. O. Hoy, B. Zdyrko, R. Lupitskyy, R. Sheparovych, D. Aulich, J. Wang, E. Bittrich, K.J.
Eichhorn, P. Uhlmann, K. Hinrichs, M. Muller, M. Stamm, S. Minko, I. Luzinov, Adv. Funct.
Mater. 20, 2240 (2010)

79. D. Aulich, O. Hoy, I. Luzinov, K.J. Eichhorn, M. Stamm, M. Gensch, U. Schade, N. Esser,
K. Hinrichs, Phys. Status Solidi C 7, 197 (2010)

80. S.G. Kelmanovich, R. Parke-Houben, C.W. Frank, Soft Matter. 8, 8137 (2012)
81. S. Gramm, J. Teichmann, M. Nitschke, U. Gohs, K.J. Eichhorn, C.Werner, eXPRESS Polym.

Lett. 5, 970 (2011)
82. M.J.N. Junk, I. Anac, B. Menges, U. Jonas, Langmuir 26, 12253 (2010)
83. K. Unger, R. Resel, A.M. Coclite, Macromol. Chem. Phys. 217, 2372 (2016)
84. R. Toomey, D. Freidank, J. Rühe, Macromolecules 37, 882 (2004)
85. D. Schmaljohann, M. Nitschke, R. Schulze, A. Eing, C. Werner, K.J. Eichhorn, Langmuir 21,

2317 (2005)
86. Z. Oezyuerek, K. Franke, M. Nitschke, R. Schulze, F. Simon, K.J. Eichhorn, T. Pompe, C.

Werner, B. Voit, Biomaterials 30, 1026 (2009)
87. J. Hegewald, T. Schmidt, K.J. Eichhorn, K. Kretschmer, D. Kuckling, K.F. Arndt, Langmuir

22, 5152 (2006)
88. W. Higgins, V. Kozlovskaya, A. Alford, J. Ankner, E. Kharlampieva, Macromolecules 49,

6953 (2016)
89. Y. Müller, I. Tot, A. Potthast, T. Rosenau, R. Zimmermann, K.J. Eichhorn, C. Nitschke, G.

Scherr, U. Freudenberg, C. Werner, Soft Matter. 6, 3680 (2010)
90. M.M.S. Ebrahimi, N. Dohm, M. Müller, B. Jansen, H. Schönherr, Eur. Polym. J. 81, 257

(2016)
91. A. Richter, A. Janke, S. Zschoche, R. Zimmermann, F. Simon, K.J. Eichhorn, B. Voit, D.

Appelhans, New J. Chem. 34, 2105 (2010)
92. S. Schwarz, K.J. Eichhorn, E.Wischerhoff, A. Laschewsky, Colloids Surf., A 159, 491 (1999)
93. A. Licea-Claverie, S. Schwarz, F. Simon, O. Urzua-Sanchez, J. Nagel, D. Pleul, K.J. Eichhorn,

A. Janke, Colloid Polym. Sci. 283, 826 (2005)
94. L. Oedberg, S. Sandberg, S. Welin-Klintstroem, H. Arwin, Langmuir 11, 2621 (1995)
95. A.K. Bajpai, Prog. Polym. Sci. 22, 523 (1997)
96. N.L. Filippova, Langmuir 14, 1162 (1998)
97. N.L. Filippova, J. Colloid Interface Sci. 211, 336 (1999)
98. G. Ladam, P. Schaad, J.C. Voegel, P. Schaaf, G. Decher, F. Cuisinier, Langmuir 16, 1249

(2000)
99. S.S. Shiratori, M.F. Rubner, Macromolecules 33, 4213 (2000)
100. X. Gong, Phys. Chem. Chem. Phys. 15, 10459 (2013)
101. S.L. Clark, M.F. Montague, P.T. Hammond, Macromolecules 30, 7237 (1997)
102. S. Dodoo, B.N. Balzer, T. Hugel, A. Laschewsky, R. von Klitzing, Soft Mater. 11, 157 (2013)
103. M. Zerball, A. Laschewsky, R. Köhler, R. von Klitzing, Polymer 8, 1 (2016)
104. Y. Gu, Y. Ma, B.D. Vogt, N.S. Zacharia, Soft Matter. 12, 1859 (2016)
105. D. Yoo, S.S. Shiratori, M.F. Rubner, Macromolecules 31, 4309 (1998)
106. J.J. Harris, M.L. Bruening, Langmuir 16, 2006 (2000)
107. S. Köstler, V. Ribitsch, K. Stana-Kleinschek, G. Jakopic, S. Strnad, Colloids Surf., A 270–271,

107 (2005)
108. C. Lin, Q. Chen, S. Yi, M. Wang, S.L. Regen, Langmuir 30, 687 (2014)
109. S. Edmondson, C.D. Vo, S.P. Armes, G.F. Unali, M.P. Weir, Langmuir 24, 7208 (2008)



6 Polymer Brushes, Hydrogels, Polyelectrolyte Multilayers … 143

110. A. Laschewsky, B.Mayer, E.Wischerhoff, X.Arys, A. Jonas, Berichte der Bunsengesellschaft
für physikalische Chemie 100, 1033 (1996)

111. S. Dragan, S. Schwarz, K.J. Eichhorn, K. Lunkwitz, Colloids Surf., A 195, 243 (2001)
112. D. Beyerlein, T. Kratzmüller, K.J. Eichhorn, Vib. Spectrosc. 29, 223 (2002)
113. E.S. Dragan, S. Schwarz, K.J. Eichhorn, Colloids Surf., A 372, 210 (2010)
114. T.T.M. Ho, K.E. Bremmell, M. Krasowska, D.N. Stringer, B. Thierry, D.A. Beattie, Soft

Matter. 11, 2110 (2015)
115. A. Zhuk, V. Selin, I. Zhuk, B. Belov, J.F. Ankner, S.A. Sukhishvili, Langmuir 31, 3889 (2015)
116. J.A. de Feijter, J. Benjamins, F.A. Veer, Biopolymers 17, 1759 (1978)
117. J.C. Dijt, Kinetics of polymer adsorption, desorption and exchange. Ph.D. thesis, University

Wageningen (1993)
118. M. Malmsten, J. Colloid Interface Sci. 168, 247 (1994)
119. J. Benesch, A. Askendal, P. Tengvall, Colloids. Surf., B 18, 71 (2000)
120. H. Arwin, Appl. Spectrosc. 40, 313 (1986)
121. E. Psarra, Biofunctionalization of polymer brush surfaces. Ph.D. thesis, TU Dresden (2015)
122. E.P.K. Currie, J.V. der Gucht, O.V. Borisov, M.A. Cohen, Stuart. Pure Appl. Chem. 71, 1227

(1999)
123. W.M. de Vos, P.M. Biesheuvel, A. de Keizer, J.M. Kleijn, M.A.C. Stuart, Langmuir 24, 6575

(2008)
124. S. Rauch, K.J. Eichhorn, D. Kuckling, M. Stamm, P. Uhlmann, Adv. Funct. Mater. 23, 5675

(2013)
125. K. Henzler, B. Haupt, M. Ballauff, Anal. Biochem. 378, 184 (2008)
126. M. Koenig, E. Bittrich, U. König, B.L. Rajeev, M. Müller, K.J. Eichhorn, S. Thomas, M.

Stamm, P. Uhlmann, Colloids Surf. B: Biointerfaces 146, 737 (2016)
127. C.G.P.H. Schroën, M.A. Cohen, Stuart, K. van der Voort Maarschalk, A. van der Padt, K.

van’t Riet. Langmuir 11, 3068 (1995)
128. W. Taylor, R.A.L. Jones, Langmuir 29, 6116 (2013)
129. S. Burkert, E. Bittrich, M. Kuntzsch, M. Müller, K.J. Eichhorn, C. Bellmann, P. Uhlmann, M.

Stamm, Langmuir 26, 1786 (2010)
130. A. Wittemann, B. Haupt, M. Ballauff, Prog. Colloid Polym. Sci. 133, 58 (2006)
131. E. Bittrich, K.B. Rodenhausen, K.J. Eichhorn, T. Hofmann, M. Schubert, M. Stamm, P.

Uhlmann, Biointerphases 5, 159 (2010)
132. W.M. de Vos, F.A.M. Leermakers, A. de Keizer, M.A. Cohen Stuart, J.M. Kleijn, Langmuir

26, 249 (2010)
133. K. Henzler, B. Haupt, K. Lauterbach, A. Wittemann, O. Borisov, M. Ballauff, J. Am. Chem.

Soc. 132, 3159 (2010)
134. S. Rosenfeldt, A. Wittemann, M. Ballauff, E. Breininger, J. Bolze, M. Dingenouts, Phys. Rev.

E 70, 061403 (2004)
135. A. Wittemann, M. Ballauff, Anal. Chem. 76, 2813 (2004)
136. C. Reichhart, C. Czeslik, Langmuir 25, 1047 (2009)
137. O. Kudina, A. Zakharchenko, O. Trotsenko, A. Tokarev, L. Ionov, G. Stoychev, N. Puretskiy,

S.W. Pryor, A. Voronov, S. Minko, Angew. Chem. Int. Ed. 53, 483 (2014)
138. T. Neumann, B. Haupt, M. Ballauff, Macromol. Biosci. 4, 13 (2004)



Chapter 7
Structure and Interactions of Polymer
Thin Films from Infrared Ellipsometry

Andreas Furchner

Abstract Polymer films play a vital role in technological, industrial, and biomedical
applications. Prominent examples are protective anti-fouling coatings, bio/chemical
sensors and devices, organic electronics, as well as functional films with tunable
surface characteristics. The films’ physical and chemical properties strongly cor-
relate with structure and interactions, which also drive function and functionality.
Infrared-spectroscopic ellipsometry (IR-SE) enables comprehensive investigations
of those properties, as the IR spectral range contains structure-sensitive baselines and
material-specific vibrational bands. In situ IR-SE is a powerful monitoring tool for
film chemistry in dependence of stimuli like temperature, humidity, solvent type, pH,
and solute concentration. Combined with optical modeling, IR-SE can quantitatively
probe numerous film properties, such as chemical composition, anisotropy, molecu-
lar orientation, thickness, hydration, and molecular interactions. Recent advances of
polymer-film characterization are presented in this chapter, showing, among others,
various examples from our group In Situ Spectroscopy at ISAS Berlin in collabo-
ration with IPF Dresden, including investigations of polymer film composition and
orientation, protein adsorption on functional surfaces, swelling behavior of polymer
brushes, and molecular interactions in hydrated polymer films.

7.1 Introduction

A variety of spectroscopic methods exists for probing the properties of polymers[1–
4]. Visible (VIS) ellipsometry, for example, is widely and successfully used to char-
acterize thin polymer films in dry and swollen states (see Chaps. 5, 6, 8, 9, 12, 15, and
16). This chapter deals with infrared ellipsometry, a complementary but powerful
polarization-dependent spectroscopic technique for ex situ and in situ investiga-
tions of complex polymer thin films. Determining spectroscopically the structural
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properties of such films—like blends, multilayers, and mixed brushes—relies on
having a significant spectral contrast, that is, a sufficiently large enough difference
in the optical constants n (and k) of the individual film constituents. Many transpar-
ent polymers with Cauchy-like dispersions in the visible spectral range have rather
similar refractive indices. The presence of vibrational bands in the infrared often pro-
vides substantially higher contrasts, rendering the IR an important region to probe.
Moreover, band positions, amplitudes, and shapes are closely linked to numerous
physical and chemical film properties. Besides its obvious application to determine
a film’s optical constants [5–16] (see Chaps. 23 and 24), IR-SE can therefore be
employed to access, and consequently better unterstand, such properties including
specific chemical bonds, tacticity, molecular orientation, conformation, local chem-
ical environments, and molecular interactions.

Measured IR-SE spectra are quantitatively interpreted via optical multilayer
models based on thicknesses and dielectric functions of the individual layers. For
many polymer films their IR dielectric function can be described by a sum of vibra-
tional oscillators,

ε(ν̃) = ε∞ +
∑

i

εvibi (ν̃), (7.1)

each of which is characterized by position, amplitude, and shape parameters. Here,
n∞ = √

ε∞ is the high-frequency refractive index. While typical IR bands are of
Lorentzian shape, molecular groups involved in interactions like hydrogen bonding
tend to be associated with Gaussian-shaped oscillators because of line broaden-
ing due to the increased number of local chemical environments. Voigt oscillators
[17, 18], with their two line-shape parameters to quantify shapes between the
Lorentzian and Gaussian extremes, are suitable for modeling complex band compo-
sitions in interacting polymer systems.

Composite and/or hydrated polymer layers can be modeled based on effective-
medium theories (see Chap.1). The effective dielectric function of a hydrated film,
for instance, may be calculated according to Bruggeman [19, 20] from the dielectric
properties of water and dry polymer,

0 = fH2O
εH2O − εeff

εH2O + 2εeff
+ (1 − fH2O)

εPolymer − εeff

εPolymer + 2εeff
. (7.2)

If the polymer interacts with water, the polymer dielectric function needs to be
modified by introducing corresponding additional oscillators, which then allow a
simultaneous fit on film thickness, hydration ( fH2O), and molecular interactions [21].
Film anisotropy, accounted for by replacing the scalar dielectric functions by tensors,
can be handled using generalized matrix algorithms (Chap. 1).

To illustrate how IR-SE can probe specific properties of polymer films, this chapter
will first give several brief examples concerning composition and molecular orienta-
tion of dry films. Afterwards, in situ examples of hydrated polymer films and brushes
in aqueous environments will be discussed, focusing on identification, monitoring,
and quantification of changes in film structure and molecular interactions.
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7.2 Composition

Morphology, composition, miscibility, interdiffusion, and interactions at interfaces
are important quantities of polymer surfaces, blends, and complexpolymer composite
films. Because of the high material-specific spectral contrast in the infrared, IR-SE
is highly advantageous for the determination of said properties.

Interdiffusion [22] and cross-linking [23], which often occur during aging or
thermal annealing of polymers, are particularly important processes to understand.
They depend, among others, on structure and interactions of the individual polymers,
and are therefore readily detectable via the vibrational fingerprint. Typical infrared
marker bands for this purpose are associated with carbonyl, nitrile, amine, ether,
ester, or hydroxyl vibrations, but also with ring and backbone vibrations. Monitor-
ing position, amplitude, and shape of these bands provides plenty of qualitative and
semiquantitative insights into the properties of the polymer–polymer interface, such
as chemical changes during cross-linking. For a detailed and quantitative characteri-
zation, optical modeling can be utilized, yielding properties like the interfacial width
in miscible and partially miscible polymer systems.

IR-SE was used, for instance, to quantify the annealing-induced mixing in a poly-
meric layered system of PnBMA [poly(n-butyl methacrylate)] and PVC [poly(vinyl
chloride)] [24]. The authors measured the CO and CC stretching vibrational bands
of PnBMA between 1100–1300 cm−1, which are sensitive toward molecular inter-
actions of the polymer’s ester groups and therefore toward conformational changes
upon annealing [25]. Based on optical modeling of individual PnBMA and PVC
layers, as well as annealed, completely mixed films, it was possible to distinguish,
for partially annealed PnBMA/PVC films, between a bilayer of the two polymers
and a three-layer system with an interdiffusion middle layer (see Fig. 7.1).

A similar approach was used by Duckworth et al. [26] to detect whether inter-
diffusion or complete mixing occured between thin films of PMMA [poly(methyl
methacrylate)] and PVDF [poly(vinylidene fluoride)]. Their analysis exploited the
dependency of PMMA-specific carbonyl and PVDF-specific CF2 bands on annealing
and molecular interactions between the two polymers.

Besides determining the depth composition of a layered system, IR-SE can also be
employed for investigating the lateral makeup of complex polymer films. Ionov et al.
[27] quantified the chemical composition of an 8 nm thin 1D gradient mixed poly-
mer brush prepared from PS [polystyrene] and PBA [poly(tert-butyl acrylate)]. The
two polymers were grafted onto a polymer anchoring monolayer by utilizing a heat-
ing stage for annealing that produces a temperature gradient across the substrate’s
surface, thereby gradually varying the grafting properties. The resulting gradient
brush was then chemically mapped for PS- and PBA-specific vibrational bands
(see Fig. 7.2). PBA’s carbonyl stretching band around 1730 cm−1 provided a high
spectral contrast to the ring vibrations of PS at lower wavenumbers, allowing the
determination of the brush composition. A line shape analysis of PBA’s carbonyl
band in principle also enables one to study how molecular interactions are related to
local composition, that is, how PBA–PBA and PBA–PS interactions impact brush
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Fig. 7.1 Measured (dashed) and simulated (solid) IR-SE spectra of partially annealedPnBMA/PVC
films (data from [24]). Left: Bilayer model for a 30 min annealed film. Right: Three-layer model
accounting for interdiffusion in a 10 min annealed film

Fig. 7.2 Left: Reference IR-SE tanψ (and transmission) spectra of PS, PBA, and PVP [poly(2-
vinylpyridine)] for the determination of local brush composition. Right: Laterally resolved relative
thickness contributions h of PS (squares) and PBA (circles) in an 8 nm thin gradient PS-mix-PBA
brush, as well as relative PS volume percentages %PS across the gradient. Closed and open symbols
are data from IR-SEand single-wavelengthVIS ellipsometry, respectively. Adaptedwith permission
from [27]. Copyright (2005) American Chemical Society
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Fig. 7.3 Amidization reaction in BPEI/PAAmultilayers monitored with IR-SE. Absorption coeffi-
cient before (a) and after (b) cross-linking, amidization scheme (c) and kinetics (d) uponmicrowave
and conventional heating. Adapted from [28]. Copyright (2016), with permission from Elsevier

properties like thickness and grafting density. Such an analysis will be the topic of
Sect. 7.4.4.

Concerning cross-linking reactions at polymer–polymer interfaces, IR-SE is a
valuable composition monitoring and quantification tool. Lin et al. [28]
investigated the cross-linking reaction of BPEI/PAA [branched polyethylenimine/
poly(acrylic acid)] multilayer films. As shown in Fig. 7.3, the authors extracted the
absorption index k from IR-SE data between 1350–1750 cm−1 using nine vibrational
oscillators in the optical model. Besides CH bending modes, which did not change
during the reaction, these oscillators are associated with vibrations of antisymmet-
ric (1399 cm−1) and symmetric (1552 cm−1) COO− stretching, COOH stretching
(1707 cm−1), NH3

+ deformation (1496 cm−1), NH bending (1632 cm−1), as well
as amide I related modes around 1670 cm−1. The latter become visible as NH3

+

and COO− groups react to form amide groups (HNCO). This amidization reaction
could be induced by conventional heating, or by microwave heating with accelerated
reaction kinetics.

Similarly, Simpson et al. [29] followed the formation of covalent Si–O–C bonds
upon the reaction between carboxylic acid groups of PAA and silyl (SiH) groups in
a vinyl-terminated poly(dimethyl siloxane) cross-linker. They stress that incomplete
cross-linking could lead to the continued presence of reactive SiH groups in silicone
coatings, causing “lock-up” problems in silicone–acrylic adhesive laminates.

Being able to probe and quantify the individual film constituents is also very
valuable for studying effects like film contamination. Bungay et al. [6] investigated
silicone films for potential solvent residues. They spincoated 100 nm thick films onto
optically thick gold films using CV-1144-O silicone thinned with VM&PNaphtha, a
solvent containing different hydrocarbons.Using IR-SE combinedwith aBruggeman
effective-medium approximation (7.2) to model the film’s dielectric function, the
residual Naphtha concentration was found to be merely (0.5 ± 0.3) vol%. As shown
in Fig. 7.4, this sensitivity was possible because of the characteristic CHx bands of
Naphtha between 2700 and 3200 cm−1.
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Fig. 7.4 Measured (dashed)
imaginary pseudo-dielectric
function of a 100 nm thick
CV-1144-O silicone film
compared to calculations
(solid) based on different
concentrations of residual
Naphtha solvent within the
film. Reprinted from [6].
Copyright (1998), with
permission from Elsevier

7.3 Molecular Orientation

Direct access to the vibrational properties of thin films renders infrared ellipsometry
particularly suitable for studying molecular orientation, conformation, packing den-
sity, and structure in general. These properties can manifest themselves as anisotropy
in the sample’s optical response and can therefore be probed with polarized light.
While uniaxial film anisotropy can be addressed by ellipsometric measurements at
various incidence angles, or by individual p- and s-polarized reflectance measure-
ments, resolving biaxial anisotropy naturally requires additional data at different
in-plane sample rotations. However, with regard to molecular orientation, knowl-
edge about film chemistry and direction of transition dipole moments can signifi-
cantly simplify the infrared analysis, as will be demonstrated later.

Molecular orientation plays an important role in a variety of (polymer) thin-film
systems. An instructive example are self-assembled monolayers (SAMs) [30, 31]
(see also Chaps. 4 and 9). These ultrathin films usually consist of a head group
for anchoring to a substrate, a spacer or tail section, and—if desired for the spe-
cific application—a functional end group. It is often the orientation and density of
those end groups that are crucial for a successful subsequent functionalization of the
monolayer. Typical SAM structural models are depicted in Fig. 7.5. They account
for properties like packing density, chain tilt, and chain order, all of which can be
explored in the infrared.

Fig. 7.5 Structural models of an organized monolayer assembly with closest packed arrangement
of head groups and a tail groups oriented normal to the substrate surface, b tail groups uniformly
oriented at an angle θ , and c a distribution of tilted tail groups. Adapted with permission from [32].
Copyright (1987) American Chemical Society

http://dx.doi.org/10.1007/978-3-319-75895-4_4
http://dx.doi.org/10.1007/978-3-319-75895-4_9
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Fig. 7.6 Left: p-polarized reflection spectra in the methyl and methylene stretching region of self-
assembled n-alkyl thiol monolayers on gold. Right: Peak heights of νa(CH3,ip) (a) and νs(CH2) (b)
bands versus number n of methylene groups. Solid lines in (a) are to guide the eye. Solid line in
(b) is a linear interpolation from the origin. Adapted with permission from [32]. Copyright (1987)
American Chemical Society

Infrared spectroscopy was extensively used for studying the structural properties
of SAMs [32–35]. Porter et al. [32] used polarized IR spectroscopy to investigate—
besides film uniformity, structural integrity, and packing density—the molecular
orientation of SAMs, as well as the local chemical environment within the films.
They probed the CHx stretching region of self-assembled n-alkyl thiol monolayers
[CH3(CH2)nSH] on gold, with a number of repeatingmethylene units between n = 1
and 21. Comparing the CHx peak positions of the monolayers (Fig. 7.6, left) with
those of crystalline polymethylene chains (with n = 21) and the liquid state (with
n = 7) provided insights into the local chemical environment of a chain. In mono-
layers with methylene chain lengths n > 11, the peak positions correspond to those
of the bulk crystalline phase, whereas for shorter chains with n < 11, they resemble
those of the liquid phase.Moreover, for alkyl chainswith consistent chain orientation,
it is expected that the band intensities of the ν(CH2) methylene stretching vibrations
increase linearly with n, whereas those of the ν(CH3) methyl end group’s stretching
vibrations remain constant. However, a different situation was found (Fig. 7.6, right),
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again with a characteristic change in trends around n = 11 repeating units (dashed
lines). The authors explained the deviations from the linear behavior with differences
in average tilt angle and structure. For long-chain monolayers with n = 15–21, they
found a tilt of about 20–30◦, corresponding to a structure similar to that in Fig. 7.5b.
Short-chain monolayers with n < 11, on the other hand, tend toward slightly
higher tilt angles, which they explained by a more disordered chain distribution
with decreased packing density and coverage.

A similar study [33] on self-assembled n-alkyl thiol monolayers on silver sub-
strates revealed quite different structural properties. For chains longer than about
n = 10, monolayers were predominantly densely packed and crystalline-like with
all-trans conformational sequences that exhibited average tilt angles of about 13◦.
More tilted structures were hypothesized for shorter-chain monolayers. The smaller
tilt angles on silver compared to gold hint at differences in the bonding of the sulfur
head group, which was further substantiated by contact-angle measurements.

Deducing the molecular orientation from polarized IR spectra is based on simple
trigonometric considerations of the involved transition dipole moments [36, 37]. In
all-trans hydrocarbon chains, for instance, the chain axis and the transition dipole
moments of the νas(CH2) and νs(CH2) stretching vibrations are mutually orthogonal.
The chain’s tilt angle θ from the surface normal is therefore given by [1]

cos2 θ + cos2 θas + cos2 θs = 1. (7.3)

The angles θas and θs of the two methylene stretching vibrations can be measured
via their transition dipole moments

M2
i, x = M2

i,max · sin2 θi · cos2 φi ,

M2
i, y = M2

i,max · sin2 θi · sin2 φi , (7.4)

M2
i, z = M2

i,max · cos2 θi ,

which are proportional to the respective oscillator strengths computable in an optical
model. Here, Mmax is the principle transition dipole moment, and φ is the in-plane

rotation of a chain. In a uniaxial film, for which cos2 φ = sin2 φ = 1/2, the average
tilt angle of both symmetric and antisymmetric methylene stretching vibrations can
then be calculated from

M2
i, x

M2
i, z

= sin2 θi

2 cos2 θi
, (7.5)

allowing one to deduce the chain’s tilt angle θ via (7.3).
Using this approach, Rosu et al. [35] determined average chain tilts of 19 and 22◦

for hexadecanethiol on gallium arsenide and gold, respectively, suggesting a similar
organizational structure on both substrates. Monolayers of octanedithiol on GaAs,
by contrast, were found to be more disordered with average tilt angles of 30◦.

Note that band interpretation is rather straightforward for thin films on metals like
silver or gold. Owing to the metal surface selection rule [2], only transition dipole
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Fig. 7.7 Calculated tanΨ spectra of hexadecanethiol self-assembled monolayers on GaAs in de-
pendence of average tilt angle. Data from [35]

components perpendicular to the metal’s surface can be observed in a spectrum. The
measured band intensities can therefore be directly related with the chain’s tilt angle.
For arbitrary substrates, though, band positions and line shapes can vary quite dra-
matically. This is demonstrated in Fig. 7.7 illustrating the sensitivity of IR-SE toward
tilt-angle variations. The graph shows calculated tanΨ spectra of hexadecanethiol on
GaAs with heavily tilt-dependent νas(CH2) and νs(CH2) band amplitudes, positions,
and line shapes. The two vertical lines, which indicate the center frequencies of the
corresponding oscillators in the optical model, highlight an important circumstance
that any IR spectroscopist should internalize: The frequency of ameasured peak does
not necessarily coincide with the oscillator’s resonance frequency!

Another interesting example concerning structure and molecular orientation is
that of Langmuir–Blodgett (LB) films. Such films are composed of organic mono-
layers deposited from the surface of a liquid onto a substrate via immersion
or emersion. Tsankov et al. [38] investigated the influence of thermal annealing
on the structural properties of LB films consisting of multiple double layers of
2-[4-(N-dodecanoylamino)phenyl]-5-(4-nitrophenyl)-1,3,4-oxadiazole on gold. The
molecule, depicted in Fig. 7.8, has a nonlinear shape with its diphenyl oxadiazole
fragment being bent in the molecular plane and twisted with respect to the aliphatic
tail. The tails themselves are connected to benzene rings via amide groups, which
can facilitate hydrogen bonds between neighboring chains. Strong hydrogen bonds
could be inferred from the well-pronounced stretching bands related to bonded
NH (3325 cm−1) and C=O groups (1680 cm−1). Those bonds were only partly dis-
rupted after film annealing at 130 ◦C. However, the ν(CH2) bands diminished in
amplitude upon annealing, suggesting molecular rearrangements of the chains. In
particular, the observed frequency upshifts by 4 cm−1 could be attributed to an
all-trans–gauche conformational transformation. Annealing also resulted in a thick-
ness increase from 60 to 65 nm, hinting at a lowering of the overall molecular
tilt angle. This was verified by a tilt-angle determination of the molecule’s nitro
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Fig. 7.8 Left: Molecular orientation of the studied Langmuir–Blodgett film (see text). Right: Mea-
sured (solid) and fitted (dashed) Δ spectra in the NO2 stretching region before (a) and after (b)
annealing at 130 ◦C. Adapted with permission from [38], copyright (2002) American Chemical
Society; and from [39], copyright (1998), with permission from Elsevier

head group (angle θ in Fig. 7.8). Fitting the symmetric and antisymmetric stretching
vibrations of NO2 groups at 1345 and 1530 cm−1, respectively, the authors found a
marked change in tilt angle from 39◦ for the untreated film to 53◦ for the annealed
film.

One last example of out-of-plane uniaxially anisotropic films are dicyanovinyl-
sexithiophene films for photovoltaic applications. A comprehensive IR-SE study
revealed that themolecular orientation undergoes changes with increasing film thick-
ness [40]. An isotropic distribution of orientations with an average tilt of 55◦ (close to
the so-calledmagic angle of 54.7◦)was characteristic for 4 nm thin films consisting of
about two or three monolayers. Thicker films of 20 nm showed preferential in-plane
molecular orientation with average tilt angles of 67◦. Such higher tilts are favorable
when using sexithiophene as absorber material in organic solar cells, resulting in
enhanced photon absorption and thus charge-carrier generation.

Seemingly biaxially anisotropic polymer films are depicted in Fig. 7.9, show-
ing the in-plane anisotropy of stretched PET [poly(ethylene terephthalate)] and
PEN [poly(ethylene naphthalate)] films [12]—two materials with relevance for
flexible electronic devices. These polymers have several characteristic vibrational
modes with transition dipole moments along or normal to the chain axis, hence the
observed enhanced or diminished band amplitudes at corresponding sample
rotations. While ethylene-glycol wagging (1340 cm−1) and the complex ester modes
(1260 cm−1, 1080–1160 cm−1) are parallel to the chain axis, the C=O stretching
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Fig. 7.9 Left: Imaginary part of the dielectric function of PET and PEN films at 0◦ (bold line), 60◦
(solid line), and 120◦ (dotted line) in-plane sample rotation. Bottom-right: Angular dependence of
the oscillator strength of ethylene glycol (squares), ester (circles), and C=O (diamonds) stretching
modes. Reprinted from [12], with the permission of AIP Publishing. Top-right: Chemical structures
of PET and PEN

mode (1720 cm−1) is perpendicular to it, as is evident from the projected oscillator
strengths (Fig. 7.9, bottom-right). Perhaps unsurprisingly for stretch-oriented films,
a refractive-index analysis revealed that both PET and PEN films can be treated as
uniaxial materials with their optical axis parallel to their surface.

For further reading on molecular orientation in organic thin films, the reader is
referred to Chaps. 3, 13, 20, and 21.

7.4 Hydrated Polymer Films

Examples of thin films shown so far dealt with non-hydrated layers under ambient
conditions in air. In the following, hydrated films are addressed that are exposed ei-
ther to air with significant humidity levels or to aqueous environments, including salt
and protein solutions. In situ IR-SE on such solid–liquid interfaces is very useful for
qualitative and semi-quantitative studies. It was, for instance, successfully applied for
monitoring the adsorption of proteins on functional surfaces [41], the pH-responsive
dissociation of polyelectrolyte films [42] and mixed brushes [44], the swelling be-
havior and interactions of end-grafted polyoxazoline brushes [43], the chemical and
structural changes during the complex formation of mixed anionic/cationic polyelec-
trolyte brushes [45], the electrochemical growth of polypyrrole films [46], as well
as the hydrophilicity of complex composite polymer surfaces to tune hydrophobic
interactions [47]. First quantitative approaches proved promising for modeling the
electrochemical grafting of nanometer-thin nitrobenzene [48] and maleimide multi-

http://dx.doi.org/10.1007/978-3-319-75895-4_3
http://dx.doi.org/10.1007/978-3-319-75895-4_13
http://dx.doi.org/10.1007/978-3-319-75895-4_20
http://dx.doi.org/10.1007/978-3-319-75895-4_21
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layers [49], the growth process of PSS-doped polyaniline films [50], as well as the
swelling–deswelling transition of polyacrylamide brushes [51].

The full potential of in situ IR-SE as an analytical technique became apparent
with the use of optical models to gain quantitative information about film hydration,
structure, and molecular interactions [21]. This combination of IR-SE and optical
modeling enabled detailed quantitative investigations of hydrated polymerfilms at the
solid–liquid interface, and was used, for example, for studying the role of molecular
interactions in the stimuli-responsive phase transition of polymer brushes [21].

Before diving into the details of quantitative in situ IR-SE, a typical experimental
set-up of ellipsometer plus flow cell will be introduced, followed by examples of
polymer films in aqueous environments, with a particular focus on polymer brushes.
Their densely grafted polymer chains give rise to fascinating surface properties sus-
ceptible to changes induced by external stimuli like temperature or pH changes (see
Chap.6).

7.4.1 In Situ Infrared Ellipsometry

In situ IR-SE measurements of solid–vapor or solid–liquid interfaces demand pre-
cise control of humidity, temperature, solvent, pH, and other possibly influential
environmental parameters. Special in situ cells are thus required. Figure7.10 shows
an example of a temperature-controlled flow cell [41, 44] in an in situ infrared ellip-
someter. The cell itself, including in- and outlet tubes, consists of organic polymers
like PEEK (polyether ether ketone) or PTFE (polytetrafluorethylen) that exhibit ex-
cellent chemical resistance properties needed for measurements in low- or high-pH
solutions. A quartz window at the back of the cell allows the possibility to imple-
ment additional simultaneous in situ optical techniques likeVIS reflection anisotropy
spectroscopy [46] (see Chap. 1). Temperature of the cell can be regulated between
15–50 ◦C with a stability of ±0.05 ◦C. This precision is imperative because the opti-
cal properties of solvents like water are strongly temperature dependent. The whole
set-up is purged with dry air to guarantee constant atmospheric conditions and to
reduce absorption of IR radiation by atmospheric water vapor.

The polymer film (or any other film for that matter) is prepared on the inner side
of the actual window substrate. This might be done either ex situ or directly from
solution within the cell. The substrate, made from an IR-transparent material like
Si or CaF2, has a wedge-shaped form that ensures well-separated inner and outer
reflexes preventing interferences from multiple internal reflections. The flow cell
can also be modified with electrodes in order to do electrochemistry experiments
while performing in situ IR-SE [46].

Note that the configuration inFig. 7.10probes the solid–liquid interface under non-
ATR conditions. Compared with ATR, the shorter pathlength through the substrate
allows access to a wider spectral range (8000–700 cm−1 for Si) with retained phase
coherence necessary for accurate phase measurements Δ. Depending on external
incidence angle at, and refractive index of, the substrate, internal incidence angles

http://dx.doi.org/10.1007/978-3-319-75895-4_6
http://dx.doi.org/10.1007/978-3-319-75895-4_1
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Fig. 7.10 Schematic of an
in situ polarizer/sample/
retarder/analyzer IR-SE
set-up with
temperature-controlled flow
cell and infrared-transparent,
wedge-shaped window
substrate [44]. Depending on
film and solvent properties,
measurements with and/or
without retarder can be
performed for sensitive
phase determination

between5–16◦ at the substrate/film interface are feasible. This non-zero angle ensures
sensitivity toward thin-film thickness and out-of-plane anisotropy [44].

7.4.2 Polymer Films and Brushes in Aqueous Environments

Ellipsometric spectra of isotropic polymer films in aqueous environments are dom-
inated by the strong vibrational bands of water that often mask the film signature
of interest. This is demonstrated in Fig. 7.11 (left) for thin PGMA [poly(glycidyl
methacrylate)] films on Si. While the polymer bands of thicker films are clearly vis-
ible, the vibrational features of the 2 nm ultrathin film are buried beneath the water
stretching and bending modes. Spectral referencing can circumvent this problem by
significantly enhancing the optical contrast. Oneway of referencing is with respect to
spectra of a clean substrate (without polymer film) obtained under similar, or same,
well-defined experimental conditions as the film spectra. This approach is often
necessary when the solvent’s optical properties change during the experiment and
again cause too drastic an overlap with the film signature, as is the case, for instance,
in temperature-dependent studies. As shown in Fig. 7.11 (right) for the PGMA films,
this approach makes visible even the bands of the 2 nm ultrathin film. Another way
is self-referencing where ratios tanΨ / tanΨ0 and differences Δ − Δ0 are recorded
with respect to the initial conditions of an in situ experiment, such as the film’s state
before a protein-deposition study or before exposure to pH variations. Any changes
from, respectively, unity and zero are then associated with changes in the optical
properties of the solid–liquid interface.

The first straightforward example of an in situ study is presented in Fig. 7.12. In
this combined investigation using IR-SE and VIS ellipsometry (see also Chap. 6),
the proteins fibrinogen (FIB) and human serum albumin (HSA) were tested for their
adsorption behavior on various polymer surfaces, namely a ddry = 2.5 nm ultrathin
hydrophobic PGMA film, a 14.5 nm thin hydrophilic PNIPAAm brush, a 25.1 nm

http://dx.doi.org/10.1007/978-3-319-75895-4_6
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Fig. 7.11 Left: Raw IR-SE spectra of 0, 2, and 119 nm thick PGMA films in H2O. Right: Same
spectra referenced to a clean silicon wedge (“0 nm” on the left)

Fig. 7.12 Self-referenced IR-SE spectra showing protein adsorption and repellent behavior of
different polymer (brush) surfaces with respect to fibrinogen (FIB) and human serum albumin
(HSA). Initial conditions were protein-free aqueous solutions. The polymer films consist of PGMA
[poly(glycidyl methacrylate)], PNIPAAm [poly(N-isopropylacrylamide)], PGMA-b-PNIPAAm,
and PAA [poly(acrylic acid)]. Adapted with permission from [41]. Copyright (2015) American
Chemical Society

thick PGMA-b-PNIPAAm block-copolymer brush, and a 6.9 nm thin PAA poly-
electrolyte brush [41]. The self-referenced spectra exhibit upward-pointing protein-
related amide I and amide II bands showing that FIB and HSA adsorbed on PGMA
film and PAA brush, respectively. The measured amide band amplitudes correspond
to monolayer FIB adsorption on top of PGMA, whereas for PAA they indicate that
HSA penetrates into the brush and thereby adsorbs in more copious amounts, in
accordance with VIS ellipsometry (26 mg/m2 HSA at pH5). The shapes of FIB’s
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Fig. 7.13 Left: Cascaded temperature-dependent in situ spectra of a pure PNIPAAm brush (100%,
d = 14.5 nm dry thickness) andPNIPAAm-b-PGMAbrusheswith 70.6%(d = 26.8 nm) and40.8%
(d = 25.1 nm) PNIPAAm content measured in protein-free solution. The upward-pointing δ(H2O)

band overlaps the amide I bands redshifting their indicated band components (vertical lines) in
dependence of brush thickness and hydration. Right: Corresponding spectra of pure PNIPAAm
brush in HSA solution and PNIPAAm-b-PGMA copolymer brushes in FIB solution. Adapted with
permission from [41]. Copyright (2015) American Chemical Society

and HSA’s amide bands are dictated by the proteins’ secondary structures. Different
hydrogen-bond patterns, such as alpha-helices or beta-sheets within the proteins,
have characteristic impacts on line shape and band composition, often leading to
complex amide bands with multiple subbands. A closer analysis of the measured
amide bands in Fig. 7.12—in comparison to transmission measurements of protein
solutions—revealed that the proteins did not change their structure during adsorp-
tion from the solution. This is crucial information for applications that rely on the
integrity of the adsorbed molecules.

Being pH-responsive polyelectrolytes [42], PAA brushes can be triggered via
changes in solvent pH to ad- and desorb proteins. Such processes were monitored
time-dependently with in situ IR-SE, showing good agreement with brush thickness
and amount of adsorbed protein determined by VIS ellipsometry [41].

Contrary to PGMA and PAA, both the pure PNIPAAm brush and the PGMA-b-
PNIPAAm copolymer brush turned out to be resistant toward FIB and HSA adsorp-
tion (surface concentration �0.5 mg/m2). This repellent behavior was unexpected
for the copolymer surface because the idea behind creating those mixed brushes
was to obtain thermoresponsive films switchable between a protein repellent and
a non-repellent state. The protein-repellent PNIPAAm toplayer was thought to be
collapsable via temperature stimulus, thereby surface-exposing the PGMA sublayer
that is able to bind proteins. To test whether this switching behavior does occur,
several brushes with varying PGMA/PNIPAAm composition were measured below
and above PNIPAAm’s swelling–deswelling transition temperature [41]. Results are
given in Fig. 7.13 (left). Because of referencing with respect to a clean wedge, the
data show downward-pointing polymer bands—predominantly the amide I/II and
CHx-bending bands of PNIPAAm, and the carbonyl band of PGMA—overlapped by
the upward-pointing water bending mode around 1650 cm−1. PNIPAAm’s amide I
band, which is mainly associated with C=O stretching, contains at least two major
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Fig. 7.14 Left: Chemical structures of PMeOx, PcPrOx, and their statistical copolymer. Middle:
IR-SE spectra, and their 2nd derivative, of the ν(C=O) band of a PcPrOx brush in D2O measured
at 20, 25, . . ., 45 ◦C. Right: Relative ν(C=O) upshift (with respect to band maximum at 20 ◦C) in
the three types of polymer brushes compared with swelling degree obtained from VIS ellipsometry.
Adapted from [43] in accordance with the Creative Commons Attribution (CC BY) license

components. One, observed at about 1625 cm−1, is related to carbonyl moieties fully
hydrated bywater molecules, whereas the other one at about 1652 cm−1 stems in part
from C=O groups hydrogen-bonded to H–N moieties of neighboring amide groups.
The pure PNIPAAm brush exhibits marked alterations between these two compo-
nents with increasing temperature, indicating the brush’s collapse. This switching
behavior is seen to a lesser extent, or not at all, the lower the PNIPAAm content
is in the copolymer brushes. These mixed brushes therefore do not collapse like a
classical PNIPAAm brush, which can be explained by their structural properties.
Cross-linking between different PGMA segments during brush preparation proba-
bly causes parts of the PNIPAAm blocks to emerge from within the PGMA sublayer
rather than from its surface, resulting in molecular interactions and steric hindrance
between PNIPAAm and PGMA in the PGMA/PNIPAAm interpenetration layer, and
consequently in a less pronounced swelling–deswelling transition. No differences
were observed when comparing the spectra with measurements of the same brushes
exposed to protein solutions (Fig. 7.13, right). In other words, no protein adsorption
took place on any of the PNIPAAm-containing polymer films because PNIPAAm
always dominated their surface properties.

Kroning et al. also investigated molecular interactions in temperature-responsive
oxazoline-based polymer brushes between 20–45 ◦C in H2O and D2O. Specifically,
they studied carbonyl–water hydrogen bonding in PcPrOx [poly(2-cyclopropyl-2-
oxazoline)] and PMeOx [poly(2-methyl-2-oxazoline)] brushes, as well as in copoly-
mer brushes containing 75% cPrOx and 25% MeOx. Being ternary amides (see
Fig. 7.14), these polymers do not contain N–H groups that could facilitate intra- or
intermolecular hydrogen bonds with carbonyl groups. The measured amide I car-
bonyl bands are therefore comprised of comparitively few subbands related to the
differently hydrogen-bonded C=O species. The first subband, associated with free
C=O, is seen in the dry but not in the hydrated state in water. The other two subbands
are connected with weakly and strongly hydrated C=O groups, implying that all of
the brushes’ carbonyl groups are at least partially hydrated when exposed to water.
For the pure PcPrOx brush, the temperature-dependent second derivative of the tanΨ
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carbonyl band shows a transition between the two major band components, that is,
between stronger hydration at lower temperatures and weaker hydration at higher
temperatures. This transition is not as pronounced for the copolymer brush with its
lower relative content of temperature-responsive PcPrOx.

As depicted in Fig. 7.14 (right), the measured C=O-stretching transitions compare
well with changes in swelling degree determined from VIS ellipsometry. Contrary
to the steplike transition of thermoresponsive polymers like PNIPAAm [52], the
PcPrOx and copolymer brushes showed continuous ν(C=O) upshifts with increasing
temperature, correlating with less polymer–water interactions within the collapsing
brushes. Smaller band shifts, but higher swelling degrees, were observed for the
copolymer brush, meaning that more water molecules are retained in the copolymer
brush because of its higher hydrophilicity. Put another way, the more pronounced the
measured C=O transition the stronger the thickness transition, highlighting the close
correlation between molecular interactions and brush deswelling. In fact, the nonre-
sponsive and more hydrophilic PMeOx can be used to tune the transition behavior
of the copolymer system [53], rendering these types of poly(2-oxazoline) brushes
highly interesting for potential applications.

7.4.3 Optical Effects and the Role of Water Bands

Nontrivial baselines and spectral overlaps between polymer and water vibrational
bands can cause serious problems with regard to data interpretation of transmission
and ATR infrared spectra. A common example is the amide I band of peptides and
proteins, which is heavily masked by the water bending mode. One way to reveal the
true amide band shapes is to use heavy water, the vibrational bands of which occur
at much lower wavenumbers compared to normal water. Figure7.15 illustrates this
with IR-SEmeasurements of a PNIPAAmbrush around its swelling–deswelling tem-
perature in H2O and D2O. As discussed before, during the brush’s collapse around
32 ◦C, the amide I band undergoes a transition between two major components asso-
ciated with hydrated C=O groups at lower temperatures and amide-interacting C=O
groups at higher temperatures. Not only are the corresponding vibrational oscillators
redshifted in D2O, but the actual transition is less sharp. It extends over a larger
temperature range because D2O forms stronger hydrogen bonds than H2O. Also in
more complex polymer systems like proteins, such stronger bonds can potentially
influence the film’s structural, and thereby functional, properties.

Other strategies to deal with band-overlap and baseline issues are solvent back-
ground subtraction and baseline correction methods [2, 54]. The aim is always to
suppress, or get rid of, the solvent bands and other unwanted “artifacts” in order to
obtain pure polymer spectra suitable for qualititave interpretation, or for quantitative
evaluation via oscillator band fits. These strategies, however, can cause serious errors
in band interpretations and should thus be avoided whenever possible.

A fundamentally different approach is to use optical models to compare measured
with calculated spectra, as is routinely done with ellipsometry. As alluded to in the
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Fig. 7.15 Amide I/II/II’
bands during the
temperature-induced
swelling–deswelling
transition of a PNIPAAm
brush in H2O and D2O. Note
the absence of an amide II
band for the deuterated
brush. The amide I overlap
with δ(H2O) causes smaller
apparent band amplitudes

beginning, these models for interpretation of infrared spectra are based on a chemi-
cal, physical, and optical description of the hydrated films, automatically accounting
for optical effects like baseline drifts due to thin-film interference, band-shape distor-
tions due to n/k mixing, and dielectric effective-medium effects from film hydration
[2, 20, 55]. The models do not rely on manipulation procedures like certain ATR
corrections or subtraction of solvent background, and therefore allow amore accurate
quantitative interpretation of measured spectra.

To illustrate why optical modeling is a powerful tool, it is useful to recall that
referenced in situ IR-SE spectra measure the optical contrast of the solid–liquid
interface. As shown in Fig. 7.16, derivative-like bands appear in Δ upon referencing,
whereas absorption-band-like downward-pointing film-related bands and upward-
pointing solvent-related bands manifest in tanΨ. Again, it has to be stressed that the
observed water bands and baseline drifts are simply a result of the optical contrast
between film-on-substrate and no-film-on-substrate data. Any change in the optical
properties of the solid–liquid interface will therefore immediately affect bands and
baselines [44], rendering them important markers for detecting minute changes of
the film’s properties. Specifically, amplitude and line shape of both film and solvent
bands strongly depend on incidence angle, film swelling, hydration, and complex
refractive index. Particularly in the case of water, with its very strong and broad
absorption bands, it therefore makes obvious sense not to ignore or remove those
bands but to include them in a fit in order to gain a better quantitative understanding
of said film properties.

Rappich and Hinrichs were the first to attempt to reproduce the water vibra-
tional bands by optical modeling. They monitored the growth of ultrathin nitroben-
zene films on H-passivated Si(111) wedges from a solution of 4-nitrobenzene-
diazonium-tetrafluoroborate during the electrochemical processing in diluted sulfuric
acid (see Chap.20 for details). As shown in Fig. 7.17, the presence of symmetric and
antisymmetric NO2 stretching bands is clear evidence for successful grafting. Using
ellipsometrically determined optical constants of water, they compared the measured
nitrobenzene film spectrum to calculated spectra based on a non-hydrated film with
varying thickness d and high-frequency refractive index n∞ (7.1). Although the
agreement is not perfect—probably due to small but non-negligible film anisotropy

http://dx.doi.org/10.1007/978-3-319-75895-4_20
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Fig. 7.16 Ellipsometric spectra of a 119 nm thick PGMA film in water referenced to spectra of a
clean silicon wedge

Fig. 7.17 Measured in situ
tanΨ of a nitrobenzene-
modified Si surface refer-
enced to the SiH-covered Si
in the same aqueous
environment prior to film
grafting, compared to
calculated spectra showing
the sensitivity of ν(H2O)

toward changes in film
thickness and refractive
index. Data from [48]

and contributions from overlapping Si–OH vibrations or water molecules aligned at
the charged surface—the calculations indicate the usefulness of the solvent-related
bands for quantifying, e. g., film thickness.

Better agreement is usually achieved for neutral, non-charged polymer surfaces,
allowing one to determine not only the thickness dwet of a potentially swollen film but
also to perform a fit on the film’s hydration level, i. e., its water content fH2O via (7.2).
This is possible even if both parameters are a priori unknown. As demonstrated in
Fig. 7.18, changes in dwet and fH2O lead to characteristic changes in baseline aswell as
water band amplitudes and shapes. ν(H2O), for instance, scales almost linearly with
dwet but rather non-linearly with fH2O. Moreover, ν(H2O) blueshifts with increasing
hydration because the band is comprised of five oscillators with very strong transition
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Fig. 7.18 Effects of varying film thickness dwet and water content fH2O on calculated ellipsometric
spectra in the ν(H2O) region of a PGMA film on Si. Upper panels: dwet = [0, 10, . . . , 100] nm
with fixed fH2O = 0 vol%.Lower panels: fH2O = [0, 10, . . . , 100] vol%with fixed dwet = 100 nm.
Dotted lines were calculated with dwet = 50 nm and fH2O = 50 vol%

Fig. 7.19 Measured and fitted in situ IR-SE spectra of a thin PGMA film on Si in water

dipole moments [56]. Also the band shape is undergoing marked alterations upon
changes in film thickness. Both effects help decorrelate dwet and fH2O.

Simultaneous fits on thickness and hydration are demonstrated in Fig. 7.19 for the
previously introduced 119 nm thick PGMA film. In water the film slightly swells to
dwet = (123 ± 2) nm with a consistently small water content of fH2O = (5 ± 2)%.
Because of the film’s hydrophobic nature, it is not expected that water molecules pen-
etrate through the entirety of the film. This can be reproduced in an expanded model
consisting of a non-hydrated, 70–90 nm thick sublayer and a hydrated, 30–50 nm
thick toplayer, which is in agreement with AFM surface-inhomogeneity measure-
ments that show film-thickness variations of about ±15 nm.
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Fig. 7.20 Measured and fitted in situ IR-SE spectra of swollen and collapsed PNIPAAm films in
aqueous and humid environment. Thin solid black lines are calculated spectra without polymer
dielectric oscillators. For dry and humid states, individual amide I Voigt oscillator contributions are
shown. Adapted with permission from [21]. Copyright (2017) American Chemical Society

7.4.4 Structure and Interactions from Quantitative In Situ
IR-SE

Of course thickness and hydration are also readily accessible with VIS ellipsometry
(seeChaps. 6 and 8), but one of the additional strengths of IR ellipsometry is its ability
to study structural changes and molecular interactions. These effects can have con-
siderable and distinct impacts on a vibrational spectrum, most prominently on C=O-
and amide-related bands. Nikonenko et al. [57], for example, employed ex situ IR-SE
to study mucin layers adsorbed on amphiphilic PAA-b-PMMA diblock copolymer
surfaces. An in-depth analysis of the ν(C=O) region, the protein’s amide bands, and
bands related to the polymer side-chain could identify adhesive interactions and con-
formational changes in mucin/polymer double layers. Different components of the
C=O stretching bands revealed hydrogen bonds between mucin and polymer without
the participation of the mucin’s amide groups. From an amide I component analysis,
an increase in the proportion of beta-sheets was observed, indicating amore unfolded
and aggregated structure of mucin after adsorption.

The obvious aim is to perform such revealing band analyses in situ with the poly-
mer films in contactwith aqueous environments. For this purpose, opticalmodeling of
in situ IR-SE spectra is employed based on theBruggeman effective-medium approx-
imation and a set of vibrational oscillators that describes the differently interacting
and non-interacting molecular groups. The detailed example presented is again that
of polymer brushes made from PNIPAAm, a temperature-responsive model polymer
with regard to structure and interactions of peptides and proteins.

PNIPAAm films measured in aqueous, dry, and humid ambient conditions give
rise to rich vibrational spectra [21], as can be seen in Fig. 7.20. Virtually all bands are
affected by the presence of water within the film, most noticeably the ν(H2O) region
and the polymer-related amide and alkyl-stretching bands. While changes in the
ν(H2O) bands are directly related to swelling and hydration effects, band alterations

http://dx.doi.org/10.1007/978-3-319-75895-4_6
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Fig. 7.21 Carbonyl–amide and carbonyl–water hydrogen-bond interactions in PNIPAAm polymer
brushes. Stated wavenumbers refer to fitted amide I oscillator frequencies in the optical model.
Adapted with permission from [21]. Copyright (2017) American Chemical Society

in the amide region are evidence for changing molecular interactions associated with
PNIPAAm’s amide side groups.

Focusing on the tanΨ amide I band, a second-derivative analysis indicates several
subbands, which are related to the various hydrogen-bond interactions depicted in
Fig. 7.21. PNIPAAm’sC=Omoieties can be free (i. e., non-interacting), or involved in
intramolecular carbonyl–amide or intermolecular carbonyl–water interactions. Cor-
responding carbonyl stretching oscillators are progressively redshifted with increas-
ing number and strength of hydrogen bonds [58], and are sufficiently well-separated
to allow their accurate determination with IR-SE.

Fitting the data allows a comprehensive analysis of film hydration, interactions,
and swelling [21]. Figure7.22 plots the relative fractions of differently interacting
C=O species, the hydration-sensitive oscillator position of antisymmetric methyl
stretching, as well as film swelling and number of water molecules per PNIPAAm
monomer—all in dependence of the film’s water content, as fitted using the Brugge-
man equation (7.2). In dry state, the film is dominated by sequentially hydrogen-
bonded amide groups, similar to alpha-helices in proteins. Expectedly, amide–amide
interactions are replaced by amide–water interactions as the film hydrates in hu-
mid air. Approaching 85% relative humidity, all free carbonyl groups become hy-
drated, while weakly hydrated C=O groups are more and more converted to strongly
hydrated ones. At 25 ◦C inwater, the brush is highly swollen and hydrated. In fact, the
majority of carbonyl groups is strongly hydrated, with only a few groups remaining
involved in pure hydrogen bonds with neighboring amide groups. At 45 ◦C in water,
the brush deswells and dehydrates, with a small percentage of carbonyl groups be-
coming dehydrated and/or incorporated into sequential amide–amide bonds again.
This conversion from amide–water- to amide–amide-interacting carbonyl groups,
although expected, leaves most C=O groups unaffected and strongly hydrated, which
is in accordance with the considerable amount of water (52 vol%) retained within
the collapsed brush. Comparing C=O fractions and swelling behavior, it can be
concluded that additional water molecules above 25 vol% water content do not nec-
essarily contribute to specific interactions with PNIPAAm’s amide groups, but rather
to the overall brush hydration. This hydration is also observed in the νas(CH3) band
position corresponding to the polymer’s hydrophobic isopropyl side groups.

Interestingly, therewas no detectable preferential molecular orientation, neither in
the collapsed nor in the stretched state. An isotropic distribution of orientations seems
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Fig. 7.22 Humidity- and temperature-dependent interactions, hydration states, and structure of
PNIPAAm films. Left: Amide–amide and amide-water interactions of hydrophilic carbonyl groups.
Right-top: Hydration of hydrophobic isopropyl groups. Right-bottom: Number of water molecules
per monomer and film swelling with respect to dry-state thickness. Adapted with permission from
[21]. Copyright (2017) American Chemical Society

reasonable because the chains are still far away frombeing completely stretched, even
in the brush’s highly swollen state.

It has been shown in this section that IR-SE on solid–liquid interfaces can deliver
detailed qualitative and quantitative information about the physical and chemical
properties of polymer thin films in aqueous environments. Being able to monitor
the films while applying external stimuli revealed fascinating surface characteristics.
Such investigations are highly interesting for complex polymer film systems like
adsorbed peptides, proteins, or membranes.

7.5 Future Prospects

This chapter gave an overview of the many uses of infrared ellipsometry for studies
of thin polymer films, in particular with regard to investigations of structure and
molecular interactions. Current trends in IR-SE are focusing on improving three
major aspects of the method: spatial resolution, temporal resolution, and information
content. The latter is being addressed, for instance, by infrared Mueller ellipsometry
[59, 60]. This generalized version of IR-SE can probe a sample’s complete 4×4
Mueller matrix, thus allowing deeper insights into the properties of depolarizing and
anisotropic nanostructured polymer films.

Lateral and temporal resolution are addressed with ellipsometric techniques that
make use of brilliant light sources much brighter than standard IR globars (see
Chap.22). Synchrotron IR-SE, for example, was used for mapping chemical com-
position and dissociation of 3 nm ultrathin pH-responsive PAA brushes with a spa-
tial resolution of 300×800 μm2 [61]. A similar mapping study employed in situ

http://dx.doi.org/10.1007/978-3-319-75895-4_22


168 A. Furchner

Fig. 7.23 Inhomogeneous, 90 nm thick PNIPAAm film on gold measured with IR laser ellipsome-
try. Left: QCL tanΨ sweeps compared to a simulated spectrum (top) determined from conventional
ellipsometry. Right: Δ homogeneity map of the film’s amide I band. Adapted from [65]. Copyright
(2017), with permission from Elsevier

synchrotron IR-SE on binary PAA-b-PS/PEG brushes in aqueous environments be-
tween pH2 and 10 for determining carboxyl dissociation and film homogeneity [62].

Another interesting approach is IR-ellipsometric microscopy [63, 64] based on
commercial reflection/transmission microscopes. Here, the set-up’s Cassegrain ob-
jective is expanded by two polarizers and a plane-of-incidence defining aperture
enabling IR-SE measurements with resolutions down to the diffraction limit. For
films of a few 10 nm thickness, measurements with spot sizes of 40×40 μm2 have
been demonstrated, enabling straightforward IR-SE mapping of vibrational bands.

IR laser ellipsometryhas recently been introduced and—utilizing tunable quantum
cascade lasers (QCLs)—advanced toward spectral studies andmapping characteriza-
tion of thin polymer films with per-spot resolutions of 60 ms and 120×250 μm2 [65,
66]. An example is given in Fig. 7.23 showing the amide I region of a 90 nm thick,
inhomogeneous PNIPAAm film spectrally measured within seconds and mapped
within minutes.

The limits of both lateral and temporal resolution are further pushed by yet an-
other novel technique termed IR nanopolarimetry [67]. Utilizing broad-bandwidths
QCLs and a polarization control, this AFM-based method probes a film’s frequency-
dependent thermal expansion, hence providing direct measurements of IR absorption
in domains as small as a few (10 nm)2. IR nanopolarimetry was successfully used
to characterize anisotropic porphyrin supramolecular assemblies, revealing that the
aggregate’s morphology can be correlated with anisotropic organization and hence
different oriented attachment growth mechanisms.

All of the aforementioned techniques hold a bright future for IR-SE characteriza-
tion of polymer thin films. Temporally improved, nanoscale-resolved measurements
will increasingly facilitate kinetic studies of nanostructure and interactions, which



7 Structure and Interactions of Polymer Thin Films … 169

is of great importance for film preparation, characterization, process control, and
applications.
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Chapter 8
In Situ Spectroscopic Ellipsometry
in the Field of Industrial Membranes

Wojciech Ogieglo

Abstract Industrial membranes are playing an ever increasing role in the ongoing
and necessary transition of our society towards more sustainable growth and devel-
opment. Already today membranes offer more energy efficient alternatives to the
traditional often very energy intensive industrial separation processes such as (cryo-
genic) distillation or crystallization. Formany years reverse osmosismembranes have
offered a viablemethod for the production of potablewater via desalination processes
and their significance continuously increases. Recently, membrane technology has
been demonstrated to play a significant role in potential methods to generate or store
energy on an industrial scale. For molecular separations often the key for an efficient
membrane operation often lies in the application of an (ultra-) thin organic poly-
mer, inorganic or hybrid selective layer whose interaction with the separated mix-
ture defines the membrane performance. Ellipsometry has started gaining increasing
attention in this area due to its large potential to conduct in-situ, non-destructive and
very precise analysis of the film-fluid interactions. In this chapter, we aim to review
the important recent developments in the application of ellipsometry in industrial
membrane-related studies. We briefly introduce the basics of membrane science and
discuss the used experimental setups and optical models. Further we focus on funda-
mental studies of sorption, transport and penetrant-induced phenomena in thin films
exposed to organic solvents or high pressure gases. The application of in-situ ellip-
sometry is discussed for studies of new, promising membrane materials and the use
of the technique for emerging direct studies of operating membranes is highlighted.
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8.1 Basics of Membrane Science and Technology

Separation of mixtures into streams of pure components is one of the most com-
monly employed technological unit operations. Traditionally, separations have been
achieved with adsorption, centrifugation, crystallization, distillation or extraction
[1]. While these frequently employed processes have established themselves over
the last century, membranes have gained increasing interest due to their advantages.
To familiarize the reader, in the following we attempt to give a very brief, and by no
means comprehensive, description of the principles, advantages and challenges, as
well as characterization techniques related with membrane technology.

8.1.1 Principles of Membrane-Based Separations

A typical membrane module is shown in Fig. 8.1. The feed contains a mixture of at
least two components and is separated using a membrane into two streams: retentate
and permeate. Depending on the membrane selectivity the two outcoming streams
will differ in the composition relative to the feed, thus providing separation. The
selectivity is defined as the ability of the membrane to discriminate between the var-
ious components of the mixture. It is important to note, that rarely do the membranes
fully separate the mixtures. Especially for separations on a molecular level, incom-
plete separations are common. This needs to be taken into account in the process
design. A notable exception is reverse osmosis for potable water production, where
salt separations in excess of 99.5% are frequent [2].

Membranes operate on a vast range of size-scales [2]. The conventional filtration
separates particles of several tens of microns using porous, for instance, cellulose-
based filters. Microfiltration can sieve-out bacteria and viruses. Ultrafiltration deals
with larger molecules and proteins, while nanofiltration discriminates between small
molecules such as glucose.At the smallest scale, individual ionic species are removed
from water in reverse osmosis.

Across this large range of size scales one can observe a trend of gradually moving
from porous filters, where the separation is achieved mainly via size-exclusion and
described by a pore-flow model to dense membranes where the dominating mech-
anism is often affinity and molecular diffusion driven (so called solution-diffusion
model). In solution-diffusion the components dissolve in the membrane at the side of
higher chemical potential (upstream side with for instance higher partial pressure in

Fig. 8.1 Schematic
capturing the essence of a
membrane process
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gas separations), diffuse via the dense, usually polymeric network and then desorb at
the side of lower chemical potential or the downstream side [3, 4]. The permeability
coefficient, P , can be related with solubility and diffusivity coefficients, S and D,
respectively, by a simple relationship: P = S · D. For specific penetrant-membrane
pairs the P and S can be often viewed as constants and are expressed in a normalized
way. For instance in gas separations, P is mass flux normalized for pressure and
membrane thickness and S is concentration normalized for pressure at which it is
determined.

8.1.2 Advantages and Challenges in Membrane Science
and Technology

Since the energetically expensive step of phase change (e.g. evaporation in distil-
lation) is avoided membranes are inherently much more efficient than the classical
separation unit operations [5]. Membrane technology may also contribute to simpli-
fication of the process and its control by limiting the number of moving parts which
often require heavy maintenance. The material selection is theoretically unlimited
with hundreds of various polymer-support combinations tested over the years.

Among the current challenges in membrane science and technology one should
name the propensity to fouling. Fouling is defined as unwanted deposition or growth
of a more or less dense film (filtration cake) that first, limits the mass flux over time,
second, can irreversibly damage the membrane or, third, may modify the surface
properties of the membrane in the unwanted direction (hydrophobicity, zeta potential
etc.).

In gas separations an important trade-off effect, manifested as the so called upper-
bound, has been identified where the simultaneous achievement of high permeability
and selectivity with currently available membrane polymers is impossible despite
extensive research efforts [6]. Here, much promise is related with the new develop-
ments in materials science, particularly in the rapidly growing metal organic frame-
works field [7–9] or graphene-based materials [10].

8.1.3 Characterization of Membranes

Membranes are characterized according to their performance, structure and interfa-
cial properties. The performance is often expressed in terms of flux and selectivity.
These can be determined by relatively simple methods such as measuring the mass
flow over time with gravimetric or volumetric quantification, or more complicated
ones like pressure decay in gas separations. In terms of direct characterization of
the membrane structure scanning electron microscopy (SEM), optical microscopy
or various types of porosimetries have been employed. For the characterization of
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interfacial properties one could mention the streaming potential or contact angle
methods.

Although definitely not among the traditional methods in membrane characteri-
zation, spectroscopic ellipsometry has recently gained increasing attention. In par-
ticular for separations at a molecular level (nanofiltration, reverse osmosis or gas
separation), the preferred membrane structure is a composite consisting of a thin
selective film on top of a porous and highly permeable support. While the separation
performance is dictated by the dense film, which should be as thin as possible yet
defect-free, it is virtually impossible to gain direct information on its properties dur-
ing operation with the traditional membrane characterization methods. The problem
is amplified by the significant controversies regarding the behavior of ultra-thin, par-
ticularly glassy films as compared with bulk with some studies indicating significant
deviations [11–15] while others arguing against them [16–18]. Spectroscopic ellip-
sometry with its non-invasive, highly sensitive approach has offered entirely new
possibilities to address those issues.

8.2 Experimental Configurations and Optical Models for
In-Situ Ellipsometry for Thin Films and Membranes

8.2.1 Design of Measurement Chambers

Performing in-situ ellipsometry, sometimes referred to as environmental ellipsome-
try, usually requires a dedicated measurement chamber. The most popular configura-
tion is a trapezoidally-shaped chamber (as viewed from the side) shown in Fig. 8.2.
In such a cell the flow of the fluid (which can be liquid, vapor or gas) is gently
controlled by external pumps (usually syringe pumps) or gas flow controllers (with
possible utilization of a carrier gas in the case of vapor generation) and the cell is
dedicated to a single angle of incidence (AOI). This naturally limits the flexibility
of the technique so it is preferred to decide on the particular AOI considering the
Brewster or pseudo-Brewster angles of the used samples. At Brewster or pseudo-
Brewster angles the signal sensitivity is optimal due to full or almost full removal

Fig. 8.2 Schematics of the
most widely used in-situ
ellipsometry cell with
temperature control and
windows perpendicular to
AOI = 70◦ (Reprinted with
permission from [20].
Copyright Elsevier 2015)
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of the p-polarized component [19]. For silicon wafers, chambers with AOI = 70 or
75◦ are most commonly used. If samples are very weakly reflective (like membrane
supports) it is advisable to use as low as possible AOI, typically 85◦, to benefit from
a gain in reflectance. The use of a focused beam may be very helpful in eliminating
the unwanted impact of substrate roughness (particularly for polymer substrates).
However in this case, the cell windows’ design should take account for the focal
length of the optics in the presence of ambients with n > 1.

In most cases the in-situ chambers are made from either stainless steel or glass
(quartz). However, with modern rapid fabrication techniques (3D printing) the cell
design options have been extended by various thermoplastics or UV-curable poly-
mers. Whatever the material used, the cell construction usually involves the use of
windows intersecting the probing light path. As extensively described previously [20,
21] the introduction of windows has several consequences detrimental to the analysis
accuracy. First, the presence of thewindows at a fixedAOI limits the range of possible
angles to one. This itself reduces the measurement accuracy and, to a lesser degree,
its precision. Second, windows may be slightly birefringent (anisotropic) which will
introduce “delta offsets”. These can be calibrated using calibration procedures (like
one described in J. A. Woollam Co., Inc., CompleteEASE software manual, [22, 23]
or in literature [21, 22]). Third, if the windows are not perfectly symmetrically posi-
tioned and the ambient has refractive index, n, significantly larger than 1 (e.g. liquid
water), then the cell may become a prism and the various wavelengths will reflect
from the sample at slightly different angles. In addition, if focusing optics are used,
this configuration may lead to beam defocus and loss of intensity (error increase).
All of these reasons point to the large care that needs to be taken when designing
and fabricating the in-situ chambers. Because the current 3D printing techniques not
always provide sufficient degree of geometrical control we have found, that such
made chambers can be used for ambients with n close to 1 but should be avoided for
liquids or highly concentrated vapors. The use of condensable organic vapors may
also pose a risk of gradual swelling of the measurement chamber which could lead
to further distortion of its geometry and accumulation of errors.

High pressure ellipsometry chambers, first introduced by Sirard [22], are in prin-
ciple following the same guidelines as the chamber shown in Fig. 8.2. They are
naturally built in a more robust way from stainless steel and possess thick windows
to withstand pressures of several tens of MPa.

A special case of in situ chambers is used in direct studies of operatingmembranes.
Reports of direct studies of membrane structures or, even more so, of membranes
under operation are, to date, very rare [24, 25]. We expect, however, that this sub-
field will grow in the future due to large advantages that ellipsometry can bring to the
membrane characterization and fundamental research. One configuration is depicted
in Fig. 8.3. The membrane is placed in the plane of beam reflection and sealed from
top and bottomwith non-swellableO-rings. The feed can be supplied from the top and
the permeate withdrawn from the bottom. As such this represents a so called dead-
end filtration mode usually suitable for pure components permeation (pure organic
solvent permeation) where detrimental effects like concentration polarization can be
neglected. The interested reader may find more relevant information on the design
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Fig. 8.3 In-situ ellipsometry high pressure chamber with a possibility of permeation through the
membrane (Reprinted with permission from [24]. Copyright Elsevier 2013)

of membrane modules and various non-idealities in multicomponent mixtures in one
of the excellent textbooks [2, 26].

8.2.2 Optical Modeling for Swelling Films and Membranes

The most dominant way to describe thin membrane films is with uniform,
homogenous, fully transparent models (Fig. 8.4a), especially for the determination
of equilibrium properties where the possible inhomogeneities or gradients occurring
during transient solvent transport have been largely equalized. The large advantage
of such description is the usually much smaller number of necessary fit parame-
ters as compared to the number of measured values. This is important as in most
in-situ ellipsometry studies only a single AOI is used. With one AOI the detec-
tion of gradients (Fig. 8.4b), multilayers (Fig. 8.4c) or anisotropy (Fig. 8.4d) could
be hindered, especially for layers below 100–200nm which are of special interest
for membranes. The more complicated optical models shown in Fig. 8.4 have been
used only in a very few cases. The graded model was suggestive of the predicted
penetrant concentration gradient within a somewhat thicker (much over 1 micron)
poly(dimethyl siloxane) (PDMS) membrane [24]. The two-layer model was used to
study the anomalous, relaxation-controlled Case II diffusion [23]. The anisotropic
model has been found the most appropriate (10 fold reduction of fit error compared
to a uniform model) in a study of overshoot swelling behavior in zwitterionic poly-
mers that hold promise in reducing the membrane fouling in nanofiltration [27, 28].
For studies of actual membranes, models similar to the one shown in Fig. 8.4e have
been developed. The challenge has been the appropriate description of roughness
of porous substrates which produces unwanted light scattering effects [24, 25, 29].
Currently, this challenge is the most critical one to solve in order for ellipsometry
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Fig. 8.4 Optical models used most commonly in membrane-related ellipsometry studies (a–d:
Reprinted with permission from [20]. Copyright Elsevier 2015; e: Reprinted with permission from
[29]. Copyright American Chemical Society 2012)

to rapidly progress into the membrane field. One suggestion is to more broadly use
relatively smooth substrates like polished α-alumina [29], perforated inorganic ones
(SmartMembranes GmbH), or polymer-based like polyacrylonitrile or polysulfone.
For such substrates the detrimental effects of roughness can be minimized by using
focused beams. The polymeric substrates are currently broadly used in membrane
research and manufacturing so their use will have an additional benefit of working
with realistic systems.

8.3 Sorption and Diffusion of Small Molecule Penetrants
in Membrane Polymers

8.3.1 Swelling and Diffusion Mechanisms in Thin Films

As mentioned before, the starting point for the description of molecular-scale sep-
arations is often the solution-diffusion model. Therefore, much attention has been
devoted to quantification of the permeability, solubility and diffusivity coefficients.
In many cases the knowledge of two of them allows calculation of the third one by
solving equation: P = S · D. While permeability can only be determined by study-
ing the actual membrane, solubility and diffusivity can be in some cases quantified
from characterization of the material alone. The majority of in-situ ellipsometry
studies at the edge or directly connected to membrane science have been devoted
to determining the solubility, S, by investigating the uptake of penetrant molecules
in thin films of real or model membrane-related polymer systems. The uptake of
penetrant almost universally causes an increase of thickness (swelling) and changes
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Fig. 8.5 In-situ ellipsometry used to track changes in swelling magnitude and its mechanism upon
traversing glass transition of the polymer-penetrant system. For each curve, the decrease of max-
imum swelling with reducing temperature is clearly visible together with a change of mechanism
from purely relaxation controlled Case II at high temperatures to Fickian relaxation at lower tem-
peratures (Reprinted with permission from [23]. Copyright Elsevier 2013)

of n of the film; either increases or decreases. Both of these effects can be very
accurately determined with ellipsometry and then combined with Lorentz-Lorenz,
Clausius-Mossotti or effective medium approximation (EMA) relationships [22, 24,
30, 31] to at least approximately calculate the penetrant concentration in films on the
order of 100nm or less. Inmany studies the determination of equilibrium and dynam-
ics of swelling and n are of sufficient interest and penetrant concentrations are not
calculated [23, 27, 28, 32, 33]. One example is shown in Fig. 8.5, where in-situ spec-
troscopic ellipsometry has been used to study changes in the diffusion mechanism
of liquid n-hexane through initially glassy polystyrene. In this study both swelling
equilibrium and dynamics were studied. The diffusion coefficient (connected with
penetrant diffusivity) could be found from the swelling dynamics via semi-empirical
Berens-Hopfenberg model [34–36].

Not many other sorption techniques can rival ellipsometry in terms of directly
measuring S in thin films with thicknesses in the range of actual membrane selective
layers (with quartz crystal microbalance with dissipation, QCM-D as an exception
[37]). Studies that consider sorption in bulk samples by gravimetric methods (like
magnetic suspension balance or simply by weighing a macroscopic sample after sat-
uration in a solvent) may often be non-representative or rather inaccurate. Even very
accurate determination of penetrant concentration inside the bulk polymeric sample
does not consider the fact that a thin film due to confinement to the substrate can only
swell in one direction perpendicular to the substrate. The 2D confinement in a form
of a film has been shown to produce a different Gibbs free energy state as compared
with the same concentration during unrestricted three-dimensional swelling [24]. The
resulting restriction in polymer chain dilation (additional elastic energy contribution
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to �G) manifests itself at higher solvent uptakes (higher swelling) and reduces the
penetrant concentration significantly as compared to bulk swelling. Additionally,
weighing samples wet from highly volatile organic solvents has questionable accu-
racy. The detailed discussion on the nuances of ellipsometry-derived calculations of
penetrant concentrations in glassy and rubbery polymer systems has been previously
provided [38].

8.3.2 Glassy Versus Rubbery Membranes – Polymer
Dynamics

In membrane science, key aspects are related with material’s ability to discriminate
different mixture components. For molecular separations this is usually achieved by
trying to design a membrane with maximized permeability differences between the
various species. This can be achieved by appropriately manipulating the chemistry
of the membrane to affect the solubilities and diffusivities of the respective sepa-
rated species. The design and characterization of membrane materials has been well
described in a book edited by Pinnau et al. [26]. Here, we will only focus on the
distinction between the physical state between two important classes of membrane
materials: rubbery and glassy polymers. Because the mechanism of small molecule
diffusion through a polymer network is directly related with polymer chain mobility
rubbers and glasses often vastly differ in terms of diffusivities.

Rubbers used inmembrane technology consist of non- or,more often, cross-linked
macromolecules whose characteristic chain mobilities are relatively high (relaxation
times of much less than 1s). This translates into their glass transition temperatures,
T g, being below measurement temperature (usually around room temperature). On
the other hand, glassymembrane polymers are frozen-in or kinetically trappedmacro-
molecules, sometimes lightly cross-linked (usually as a result of post-treatment) that
show T g-s much above measurement temperatures. Around T g the characteristic
polymer chain dynamics change by many orders of magnitude. In a glassy state the
polymer is practically frozen-in with only limited vibrations and rotations of small
fragments. In a rubbery state the entire polymer chains remain flexible and able to
adjust to external forces almost immediately. The resulting change of slope in the
specific volume versus temperature, Fig. 8.6, curve has been extensively studied with
ellipsometry [39–43].

The large dynamic difference between glasses and rubbers dictates the way small
molecules diffuse through the polymers. While in rubbers the diffusion is usually
very efficient and little restricted, like in a liquid phase, in glasses the “hopping”
mechanism between neighboring excess free volume elements prevails where the
penetrants need to “wait” for the sufficiently large hole to open due to random fluc-
tuations. Glasses, therefore, seem to have certain size-sieving characteristics similar
to macroscopically porous filters, although on vastly smaller, molecular scales.
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Fig. 8.6 Various types of
volumes distinguished within
polymeric materials. The
hole free volume is usually
thought to be available for
host molecules to occupy and
diffuse through (Reprinted
with permission from [38].
Copyright Elsevier 2014)

By far the most important rubbery membrane polymer is PDMS, while a range
of about ten glassy polymers (mainly polyimides, polyamides, polysulfones or
cellulose-variants) have been robustly employed on a large scale. It would be too
simple to state that the solubility properties of rubbers and glasses are always dif-
ferent. This heavily depends on the specifics of the given system and the possible
non-idealities (like mixed-penetrant phenomena and the possibility of penetrants to
severely plasticize the glassy network). However, in general sorption in rubbers is
well described bymixing equilibrium liquids (Flory-Huggins, Flory-Rehner theories
[44, 45]) and penetrant concentration is linear at low activities (Henry’s law) and
convex to the X-axis at higher, Fig. 8.7 left. In glasses often the opposite curvature
of sorption isotherms is found, concave to the X-axis, Fig. 8.7 right. The sorption in
glasses has conceptually been explained by the dual-modemodel where the frozen-in

Fig. 8.7 Various sorption isotherm shapes for sorption in rubbery (left PDMS) and glassy (right
Matrimid) polymers in compressed CO2 (left: Reprinted with permission from [14]. Copyright
2001 American Chemical Society, right: Reprinted with permission from [14]. Copyright 2012
American Chemical Society [14, 22])
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excess fractional free volume provides sorption sites for incoming molecules. Next
to these, the penetrants can also dissolve in the polymer matrix. Although intuitive,
the model has several important disadvantages and great progress has recently been
achieved in order to augment or replace it [46–49].

8.3.3 Membrane Plasticization Studies

The division between rubbery and glassy polymers may become further complicated
by the fact that in some cases the initially glassymembrane selective skinmaybecome
partly or fully plasticized during operation. An example for the full plasticization
are reverse osmosis membranes where the cross-linked, interfacially-polymerized
polyamide skin swells significantly in water, fully plasticizes and thus obtains its
ability to pass through water while rejecting salts. Ellipsometry has recently been
used in one of such studies [50] to quantify the swelling extent as a function of pH.

The issue of plasticization has tremendous significance in membrane technology,
particularly in the rapidly growing gas separations (air separation, natural gas pro-
duction or CO2 capture being the most important branches). Plasticization, defined
as a gradual softening and loosening of the rigid glassy network by dissolution of
condensable species (mainly hydrocarbons and CO2) progressively reduces mem-
brane selectivities. This in turn leads to problems with maintaining desired stream
concentrations. Because the dissolution of penetrants in glasses almost always causes
film dilation (swelling) ellipsometry could be used to track it with high precision over
long timescales.

One of the first reports on using in-situ ellipsometry to tackle the problem of
sorption-induced glassy polymer relaxations, which is closely related to membrane
plasticization, has been provided by Wind et al. [51]. The researchers focused on
an impact of various annealing procedures on plasticization resistance of polyimide
membranes. They also compared thin films (120nm – measured by ellipsometry)
with thick films (40–70µm – measured by pressure-decay) and were able to show a
close connection between plasticization-related increase in permeation and thin film
swelling. They were also among the first to suggest that thinner films relax faster
than bulk films. This topic has since then been extensively researched by others
and ellipsometry has been proven extremely valuable often serving as a method of
choice. In fact, the topic of deviations of several important properties of glassy films,
such as glass transition temperature and physical aging rates constitutes a separate
and growing field of study [12, 14, 16–18]. Some of the recent advances have been
described in Chap.5 of this volume.

Horn et al. have directly focused on the differences in behavior of thin and thick
films by utilizing simultaneously the swelling and refractive index information pro-
vided by experiments conducted on several glassy membrane materials, including
Matrimid, poly(phenylene oxide) and polysulfone [14], Fig. 8.8. Interestingly, the
long term high pressure (3.2 MPa) CO2 exposure resulted in first a decrease and then
an increase of the refractive index, Fig. 8.8 right. This has led to a conclusion that

http://dx.doi.org/10.1007/978-3-319-75895-4_5
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Fig. 8.8 Swelling (left) and refractive index (right) of a gas separation polymer Matrimid as a
function of time under compressed CO2 (Reprinted with permission from [14]. Copyright 2012
American Chemical Society)

Fig. 8.9 Comparison of isobaric glass transition (T g) and isothermal, high pressure CO2-induced
glass transition (Pg) and the impact of history on the apparent position of slope change in the
isotherms (Reprinted with permission from [52]. Copyright 2014 American Chemical Society)

plasticization (corresponding to a reduction of ref. index by optically diluting the
glassy material) competes with physical aging. The physical aging causes a gradual
collapse of the non-equilibrium excess free volume characteristic to a glassy state
(corresponding to ref. index increase by matrix densification). Physical aging has
been found to dominate over long timescales in thin Matrimid.

Because of its extremely high sensitivity, ellipsometry has recently contributed
to observe details of the penetrant-induced glass transition, Pg (analogous to T g),
with respect to its dynamics in the vicinity of the transition [52] (Fig. 8.9) and film
thickness dependence [53, 54] (Fig. 8.10). As seen in Fig. 8.9, the isobaric (a) and
isothermal (b) glass transitions, T g and Pg, respectively, are characterized by a
change of the thermal expansion coefficient or in slope of the sorption isotherms.
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Fig. 8.10 Impact of film thickness and temperature on the reduction of apparent penetrant induced
glass transition in ultra-thin polystyrene exposed to compressed CO2, as measured with high pres-
sure spectroscopic ellipsometry (Reprinted with permission from [54]. Copyright 2004 American
Chemical Society)

Fig. 8.11 Anomalous maxima in swelling of several polymers studied across a broad range of
pressures in supercritical CO2 (Reprinted with permission from [55]. Copyright Wiley 2007)
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However, the vital difference is that Pg shows a much more complex dependence on
the total polymermatrix dilation (swelling) as well as time (or sample history). These
results have shed new light on the challenge of membrane plasticization and may be
used as guidelines for the process design given a particular polymer-penetrant pair.
For instance, it might be beneficial to operate membranes much below the pressure
range where significant, progressive sorptive relaxations occurs, as seen in Fig. 8.9c.
Figure8.10 shows a result of an important study where the impact of film thickness
on the Pg below 100nm has been detected. This is of paramount importance as one
strategy to make membranes more efficient is to reduce skin thicknesses much below
100nm.

High pressure ellipsometry has also been used to shed light on the peculiar phe-
nomenon of anomalous swelling maxima in supercritical CO2 (Sc-CO2), Fig. 8.11.
The high sensitivity of ellipsometry has enabled detection of these maxima in films
down to about 100nm thickness. In their detailed study Li et al. have investigated
films of several homopolymers and block co-polymers [55]. They concluded, that the
anomalous maxima could not be solely explained by interfacial excess of adsorbed
gas. The increased swelling of the whole film must have occurred.

8.4 New Generation of Membrane Materials–Metal
Organic Frameworks (MOFs) and Polymers of
Intrinsic Microporosity (PIMs)

In the last two decades there have been interesting developments in entirely new
classes of materials for molecular separations. Two of them are metal organic frame-
works (MOFs [56–59]) and polymers of intrinsic microporosity (PIMs [60–65]).
MOFs are crystalline materials consisting of coordination bonds between metallic
cations (usually transition metals) and multifunctional organic linkers. The almost
unlimited possibilities in fine tuning the chemistry and huge opportunities not only
in membranes, but also catalysis or gas storage (incl. for H2- or CH4- storage tanks
for vehicles) have made the field of MOFs explode in the recent decades. Due to
crystalline nature of these materials fabrication of thin, homogenous films is not
straightforward. Thus the application of ellipsometry in this field has been limited.
One example of a high pressure ellipsometry study of a MOF-like material, based
on zeolitic imidazole framework (ZIF-8) has been presented by Cookney et al. [66].
The authors have been able to fabricate continuous ultra-thin films by step-by-step
coating with only a single cycle (Fig. 8.12a). The films were shown to produce open,
microporous morphologies as evidenced with low refractive index. They could also
absorb CO2 under sub-ambient pressures showing almost no swelling (Fig. 8.12b).
Contrary to the usually produced large (>micron) crystallites which inherently pos-
sess defects or grain boundaries much larger than the separated molecules these
nanofilms could potentially be selective when used as membranes.
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Fig. 8.12 Left panel: structure of semi-crystalline ZIF-8 nanofilms right panel: in-situ ellipsom-
etry data recorded during first drying with heating and then CO2 sorption and desorption cycles
(Reprinted with permission from [66]. Copyright RSC 2014, Published by The Royal Society of
Chemistry)

Fig. 8.13 Left panel: structure of PIM-1 with a picture of a free-standing film, right panel: PIM-
1 and PIM-7 show permeabilities and selectivities beyond the upper-bound trade-off relationship
(Reprinted with permission from [67]. Copyright RSC 2006, Published by The Royal Society of
Chemistry)

The ability to form high quality, homogenous thin films, a prerequisite for high
fidelity ellipsometry analysis, is found for the second class of new membrane mate-
rials, PIMs. Because of their easy solution-processability and high microporosities
these materials hold great promise in large scale membrane applications. A structure
of the most studied PIM-1 is shown in Fig. 8.13 left panel. The design principle is
introduction of rigid and contorted chains which hinder efficient molecular packing
and produce large amount of excess free volumes or microporosities often in the
range of 25%. At these high volume fractions the microporosity remains intercon-
nected and produces very efficient channels for molecular diffusion giving rise to
extremely large permeabilities. At the same time due to pore size distribution char-
acteristics the PIMs remain selective. A combination of these features allowed this
class of materials to break the limits set by the upper-bound trade-off lines, Fig. 8.13
right panel [67].

Swelling of two ultra-thin (50–70nm), siliconwafer supported PIMs in six organic
liquids andwater has been studiedwith in-situ spectroscopic ellipsometry byOgieglo
et al. [31]. The initially ultra-rigid glassy materials have been shown to readily
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Fig. 8.14 Swelling and refractive index of two PIMs, PIM-1 and PIM-6FDA-OH, when exposed
to six organic solvents and water. All polymers swell significantly in most solvents. The refractive
index shows complex behavior with values lower or higher, depending on polymer-solvent pair,
than the dry refractive index (Reprinted with permission from [31]. Copyright 2016 American
Chemical Society)

swell in organic solvents up to three times and as a result of serious plasticization
almost immediately transition into rubbery state. Interplay between sorption into the
microporosity and dilation of matrix could be detected in the combined behavior of
swelling and refractive index. For the higher swelling solvents (toluene, methyl ethyl
ketone) the refractive index has been found to drop below the refractive index of a
dry material. This behavior is typical for rubbery polymers where the dissolution of
a liquid, low index penetrant inside the liquid-like polymer matrix leads to a drop of
the overall optical density. For the lesser swelling solvents (ethanol, n-hexane) the
refractive index of still largely swollen (70%) films surprisingly increased. This could
only be explained by a significant degree of microporosity occupation proving its
accessibility to the penetrant molecules. The authors have used a modified effective
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medium approximation (EMA [38, 68]) to resolve the swelling and microporosity
occupation and have provided relationships between penetrant volume fractions and
swelling in microporous polymers (Fig. 8.14).

The possibility of PIM-1 microporosity filling by water molecules has also been
investigated with ellipsometry by Seok et al. [69]. The authors could exploit this
property and have demonstrated outstanding water-vanadium species selectivity in
PIM-1 which served as an efficient battery membrane.

8.5 Towards Ellipsometry Applied Directly to Membranes

Membranes for molecular-based separations rely on asymmetric geometry where a
thin dense film is supported on a porous substrate. The separation performance is
mainly dictated by the dense film (also known as membrane skin) and the support
needs to provide mechanical and chemical stability as well as low transport resis-
tance. The vast majority of membrane-related ellipsometry studies, including those
described in earlier sections, use an approach where the thin film is isolated on a
well defined and non-porous substrate (silicon wafer). Such a configuration does not
mimic the actual membrane exactly because the perpendicular steady state penetrant
transport through the layer is not possible. For several reasons application of ellip-
sometry to films on porous substrates is challenging. Firstly, for quantification of
film’s properties ellipsometry requires coherent light reflection from both the free
surface and the interface of the film with the underlying substrate. Pores with sizes
on the order of light wavelength efficiently scatter light and practically prevent the
second reflection. A typical porous substrate may also possess larger than wave-
length roughness which scatters light. During membrane fabrication often the not
yet solidified skin material flows into the support making the interface ill-defined
and producing varying depths of pore intrusion. This further complicates detection
of clear optical interfaces. Lastly, the refractive index contrast between typical poly-
meric skins and polymeric or even inorganic (alumina) substrates is rather poor
making the amplitude of psi and delta oscillations vanishingly small.

The first ellipsometry study to directly quantify penetrant sorption in a membrane
has been performed by Benes et al. [71]. The authors could determine the porosities
and thicknesses of thin silica (15–25%, ∼70 nm) and γ -alumina (51%, ∼1.6 µm)
layers, Fig. 8.15 left panel. The thin silica layer has shown a larger heat of sorption for
CO2 than bulk silica suggesting that the pores were smaller than in the unsupported
material. The authors concluded also that ellipsometry could be a promising tool for
in-situ membrane characterization as the technique has been sensitive to penetrant
sorption, Fig. 8.15 right panel.

The detailed characterization of a polished α-alumina membrane substrate has
been performed by Ogieglo et al. [29]. The surface polishing, and the related control
of roughness, has been shown critical for the coherent reflection of polarized probing
light. The roughness could be correctly described by a graded layer with varying ratio
between the dense material and void. Based on the supporting characterization with
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Fig. 8.15 Left panel: structure of amultilayer inorganic composite membrane analyzedwith in-situ
spectroscopic ellipsometry, right panel: response of the membrane to adsorbing CO2 (Reprinted
with permission from [70]. Copyright Wiley 2001)

Fig. 8.16 Left panel: Linear andExponential opticalmodel-derived refractive index profiles against
the AFM-derived profile for α-alumina membrane support, right panel: 1.1µm polysulfone skin
modeled with both optical models on top of the porous support (Reprinted with permission from
[29]. Copyright 2012 American Chemical Society)

atomic force microscopy (AM) and mercury porosimetry the graded layers have
been described with linear or exponential optical models with their own advantages
and disadvantages, Fig. 8.16 left panel. The subsequent deposition of a relatively
thick, 1.1 µm, polysulfone skin could be well described with multilayer optical
models, Fig. 8.16 right panel, thus enabling realistic studies of actual membranes
under operation.

The authors have built upon the previous study and applied the developedmethod-
ology in the first, to date, simultaneous ellipsometry and permeation fundamental
study of a PDMS-based nanofiltration membrane [24]. Swelling of thin (∼1µm)
PDMS films has been found to depend on cross-linker content. The more appropri-
ate thermodynamic description has been found with the Flory-Rehner model which
includes correction for the elastic energy term in the Gibbs free energy of the swollen
films. Confined films dilated significantly more due to only one possible swelling
direction (perpendicular to the substrate) as compared with un-confined, bulk films.
Under hydrostatic equilibrium (pressure on the feed side equal to pressure on the
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Fig. 8.17 a psi signal from a thin PDMS film supported by α-alumina support as a function of
increasing driving force b the extracted swelling reduction due to rising driving force for solvent
permeation (Reprinted with permission from [24]. Copyright Elsevier 2014)

permeate side) no flow of solvent occurred and the swelling of PDMS did not depend
on the surrounding pressure. Therefore, the molar volumes of liquid solvent inside
the membrane and in the liquid phase have remained equal. When the diving force
for the solvent flow was provided (pressure feed > pressure permeate) the swelling
has progressively reduced with increasing pressure difference in excellent agreement
with the predictions of the solution-diffusion model (Fig. 8.17).

The high pressure spectroscopic ellpsometry has been used by Raaijmakers et al.
to study sorption-induced swelling of interfacially-polymerized poly(POSS-imide)
membranes synthesized on alumina-based supports [25]. This material represents a
hybrid, organic-inorganic giant network consisting of alternating polyhedral
oligomeric silsesquioxane and imide groups, Fig. 8.18 left panel. The sorption behav-
ior for the hybrids has been found different from conventional polyimides, Fig. 8.18,
right panel. The dilation depended strongly on the linker content and the sorption of
bothCO2 andCH4 has been found very high due to the large amounts of open space in
the networks. Because of the gradual filling of the microporosity at higher pressures
the sorbing gases have shown increasing apparent molar volumes that exceeded that
of a liquid phase. Further optimization of the materials for CO2-related applications
has been indicated possible.

Recently, a mapping ellipsometry method has been presented for non-invasive
direct imaging of films deposited on porous substrates immersed in liquids [72],
Fig. 8.19. The authors have applied a focused beam (300 µm short axis) combined
with sample chamber translation to map the membrane surface in the presence
of a liquid medium. In contrast to the previously described studies, here for the
first time a porous polymeric support (polyacrylonitrile, PAN) could be used. The
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Fig. 8.18 Left panel: SEM micrograph of the multilayer structure with a thin poly(POSS-imide)
separation layer and the parameters of the used optical model, right panel: concentration of the
dissolved CO2 in poly(POSS-imide) layers with varying weight fractions of the organic linkers
compared with two standard polyimides (Reprinted with permission from [25]. Copyright 2015
American Chemical Society)

Fig. 8.19 Ellipsometry imaging method developed to study liquid-immersed thin films on top of
porous substrates [72]

characterization of a bare PAN indicated, that its roughness features could be
neglected in the optical modeling and a single interface of an EMA-modeledmaterial
consisting of dense PAN and void could be reliably used both in dry and wet con-
ditions. The subsequently deposited thin films (200–400nm) could be well resolved
and the coating polymers have been shown to intrude the substrate to various extents
depending on the coating method (spin-, dip-coating or floating) or the coating solu-
tion concentration. For the first time the pore intrusion within the porous substrate
could be measured without the need for membrane destruction. Upon immersion
in water the swelling and changes of the refractive index in the system could be
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determined and laterally resolved over an area of up to 1cm2. This study has the
potential to boost the usefulness of in-situ focused-beam mapping ellipsometry in
both the fundamental and application-oriented membrane studies.

8.6 Outlook

In-situ spectroscopic ellipsometry entered the field of membrane science in the early
2000s. In the majority of cases the technique has been utilized to study penetrant
interactions with thin, dense films supported on dense substrates (silicon wafers,
glass slides). In such a way the important membrane properties, such as swelling,
diffusion rates and mechanisms or plasticization could be studied in various types of
fluids including liquids, vapors or compressed gases. This has generated the much
needed understanding on the in-situ performance of ultra-thin films that are perti-
nent to membrane applications. The future might see a gradual extension of in-situ
ellipsometry to study actual membrane systems which involve utilization of porous
substrates. Overcoming challenges related with rough, light scattering porous sub-
strates has recently been shown feasible and new possibilities have emerged.
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Chapter 9
Systems of Nanoparticles with SAMs
and Polymers

Thomas W. H. Oates

Abstract This chapter reviews the use of spectroscopic ellipsometry (SE) as a char-
acterization tool for nanoparticle-polymer andnanoparticle-SAMhybrids. Thedevel-
opment of such materials is based on the drive toward technological applications of
new functional organic materials in solar cells, flat screen displays, sensors and
organic electronics. For many of these application the optical properties of the mate-
rials are of critical importance for the device operation. In this respect, an accurate
and complete determination of the frequency-dependent complex dielectric function,
ε(ω) = ε′ + iε′′, of the materials over a wide spectral range is the primary goal of
SE characterization. The major focus of the chapter will be to present optical mod-
els that are needed to analyze the data; specifically to develop models that describe
the effective dielectric function of a film of NPs supported by, or embedded in, an
organic matrix. Starting with the Mie solution to Maxwell’s equations, examples of
various nanoparticle scattering cross-sections are presented to show the influence of
the particle size and material properties. Modeling composites then requires making
the step from individual NPs to arrays and composites by using the effective medium
approximation. Finally the origin of anisotropy will be described and models for the
dielectric tensor elements presented. Examples from the literature will be referred to
throughout.

9.1 Introduction

Shrinking solid structures to nanometer-scale dimensions results in interesting new
physical phenomena. Optical, catalytic and thermal properties are often altered at the
nanoscale. These changes are caused by, among other things, increases in the radius-
to-wavelength-of-light ratio and the surface-to-volume ratio. A well documented
example is the observation of colorful localized plasmon resonances in noble metal
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nanoparticles (NPs) due to confinement of the (usually “free”) conduction electrons.
Alternatively, the number of atoms in the particle may become small enough that
quantum effects may be observed, as in semiconductor “quantum dots” (QDs).

Alongwith the size, shape andmaterial ofwhich theNP is composed, the dielectric
properties of the medium surrounding the NP have a strong influence on the optical
response. Increasing the polarizability of the embedding medium will red-shift the
plasmon resonance in metal NPs. Organic materials such as polymers and self-
assembled monolayers (SAMs), with their wide range of functional properties, make
for interesting materials to explore as a supporting matrix. For example, switching
the polarizability by temperature-induced phase changes or optical non-linearity
allows functional optical switching of organic-NP composites, with great potential
in photonics. Alternatively, in the infrared region where organic materials display
strong molecular absorption fingerprints, plasmonic NPs are responsible for surface-
enhanced infrared absorption (SEIRA), with potential applications in biosensing.

Spectroscopic ellipsometry is ideal for characterizing the linear optical proper-
ties of NP/organic systems, in the basic instance providing the effective dielectric
function and thickness of thin films and multilayers. Real time ellipsometry mea-
surements are now a standard option on most commercial instruments and provide a
wealth of data concerning time-dependent processes down to the millisecond scale,
especially for temperature-dependent material properties and reaction kinetics using
electrochemistry. There are numerous competing and complementary methods to
characterize the linear optical properties of polymer/NP and SAM/NP complexes,
the comparative advantages of which were reviewed previously in an article specifi-
cally focused on characterizing AuNP/SAM composites [1]. We concentrate here on
the ellipsometric techniques, with a special mention of the combination of SEIRA
and ellipsometry.

The measurement fundamentals of ellipsometry were presented in the intro-
ductory chapter. UV-visible (UV-Vis), Fourier-transform infrared (FTIR), imaging
ellipsometry and dynamic in situ ellipsometry are all utilized in the characteriza-
tion of NP-composites. Of note is the combination of multiple techniques during
dynamic measurements. By increasing the information about a sample during pro-
cessing the uncertainties in the ellipsometric modeling can be substantially reduced.
For example, combining microbeam grazing incidence small angle X-ray scattering
(µGISAXS) and imaging ellipsometry, Korstgens et al. introduced a new versatile
tool for the characterization of nanostructures [2] and demonstrated their technique
by characterizing monodisperse colloidal polystyrene nanospheres on a rough solid
support which were subsequently coated with a diblock copolymer film, including
real time measurements. A similar development is the combination of quartz crys-
tal microbalance measurements with dynamic ellipsometry [3], discussed further in
Chap.17 of this book.

All forms of ellipsometry are a combination of measurement and modeling. The
measured ellipsometric angles, Ψ and �, do not convey physical information in
themselves, although during real-time measurements they do provide feedback with
sub-nanometer sensitivity that something is changing. What is actually changing,
or what the physically relevant material properties are, must be determined by

http://doi.org/10.1007/978-3-642-40128-2_17
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comparing or fitting the measured data with optical models. Only then can infor-
mation such as the film thickness, effective refractive index and particle fill-factor
be determined. The models used in ellipsometry are usually based on the far field
reflection from a homogenized material with defined dielectric function or tensor.
The local interactions of nanostructures are thus averaged over the entire material.
In the following section we will discuss the optical properties of individual nanopar-
ticles in the Mie model, which includes the effect of retardation due to differences
in the phase of light at different points on the particle. This will be instructive in
considering the applicability of the widely used effective medium models in which
the phase retardation is ignored in the long-wavelength limit.

9.2 Modeling Nanoparticles: The Mie–Lorenz Solution

Modeling the optical properties of a nanoparticle requires solving Maxwell’s equa-
tions with appropriate boundary conditions. For the case of an isolated nanoparticle
this reduces to the problem of determining the absorption and scattering of a sphere
by a plane electromagnetic wave. Building on previous work by L. Lorenz, who
solved the case for purely dielectric spheres, in 1908 Gustav Mie presented a clear
and concise solution for the absorption and scattering cross-sections of spheres with
arbitrary dielectric functions [4]. His equations have been applied in the intervening
century to numerous physical systems, including rainbows and coronas. In particular
the light scattering of suspended nanoparticles is consistently well described by the
Mie solution, for which it was originally derived.

In the Mie equations the differential scattering cross sections are defined in terms
of the angular intensities. These are determined by expanding a plane wave in spher-
ical vector harmonics, giving a solution which is an infinite sum of harmonics. The
harmonics are related tomultipoles (dipole, quadrupole, octupole, etc.) of the electric
and magnetic fields surrounding the sphere. In the quasistatic (Rayleigh) limit one
may ignore the effects of the phase variation of the electric field at different points on
the particle (retardation) and the dipolar mode dominates the response. For a spher-
ical particle, surrounded by a medium with dielectric constant εa , the polarizability
α (defined as p = εaαE0, where p is the dipole moment and E0 the external field) in
the dipolar limit is

α = 4πε0a
3 εm − εa

εm + 2εa
(9.1)

The Mie solution is derived for a spherical particle. It is straightforward to extend
the approach to an ellipsoidal geometry in the quasistatic limit. The deviation from
spherical symmetry results in splitting of the plasmon resonances in isolated nanopar-
ticles. Noble metal nanorods exhibit two prominent plasmon peaks with frequencies
dependent on the aspect ratio (length/width), as well as the influences described
above for spherical particles. To account for the shape anisotropy Gans [5] provided
an extension to theMie formulas in the quasistatic limit by splitting the polarizability
into Cartesian components. Equation (9.1) then becomes [6]
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αi = 4πε0abc(εm − εa)

3εa + 3Li (εm − εa)
(9.2)

introducing a depolarization factor, Li , where the subscript i denotes the three prin-
ciple axes of the ellipse, x, y, z (x being the long axis), and a, b and c are the length
of the ellipsoid in those directions, respectively. The depolarization factors are

Lx = 1 − e2

e2

(
−1 + 1

2e
ln

1 + e

1 − e

)
, Ly,z = 1 − Lx

2
(9.3)

where e is the rod ellipticity e2 = 1 − (b/a)2. One should note that since the Gans
formula is based on the quasistatic assumption the particle major axis should not
be significantly greater than around 20nm. Larger and more complex shaped par-
ticles exhibit multipolar resonance peaks and further lifting of degeneracy due to
asymmetrical shapes.

There are numerous computer programs available to calculate the particle scatter-
ing cross-sections, and other relevant and derived parameters, using theMie formulas.
The only inputs required to accurately calculate the absorption and scattering cross-
sections, apart from the sphere diameter (and ellipticity), are the dielectric functions
of the sphere and surroundingmaterial. It is thus important that these arewell defined.

9.3 Distinguishing NPs Based on Their Dielectric Functions

It is useful to distinguish three types of nanoparticles based on their dielectric func-
tions (equivalently their conductivities). Dielectrics such as glass and polymers have
complex dielectric functions characterized by a positive real and small imaginary
parts. Below the (screened) plasma frequency, metals have negative real and com-
paratively large imaginary parts. Semiconductors are similar to dielectrics at fre-
quencies below the band gap, and similar to metals above their band gap; they may
be described as metals with very low plasma frequencies, or insulators with small
band gaps. These three materials display very different visible and infrared optical
properties at the nanoscale. To demonstrate this we need to define dielectric functions
that we can use in the Mie solution.

The Lorentz oscillator model presented in the introductory chapter is particu-
larly effective for modeling chemical bonds at infra-red frequencies. If the material
is a non-absorbing dielectric, such as a transparent glass or polymer, we may set
the broadening term, Γ , to zero, giving us the Sellmeier model. The commonly used
Cauchy model is an approximation of the Sellmeier model in terms of the real refrac-
tive index, n. Using the Cauchy model in the Mie theory shows the dependence of
the scattering cross section on the particle diameter for a dielectric. Figure9.1 shows
the cross section in the UV-Vis-NIR region of dielectric spheres of 100, 200 and
300nm diameter in vacuum. Particles of the order of 100nm show extremely small
scattering cross-sections. For this reason, dielectric NPs less than 100nm are not of
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Fig. 9.1 Mie scattering
cross sections for glass
spheres in vacuum with
radius 100, 200 and 300nm

great interest for optical composites, except as templates for the fabrication of metal
NP arrays. The dielectric function of the embedding medium of NP composites is
usually well described by the Cauchy or Sellmeier model.

9.3.1 Plasmonic Nanoparticles

In contrast to dielectric NPs, metallic NPs exhibit very strong scattering at the
nanoscale, especially noble metals. The optical properties of metals stem predomi-
nantly from“free” conduction electrons, resulting in theDrudemodel presented in the
introductory chapter. In real metals the bound electrons also contribute to the dielec-
tric function, especially in the UV region where interband transitions are excited.
In the noble metals the lowest energy interband transitions occur at �ω = 2.1, 3.8
and 2.4eV for Cu, Ag and Au respectively [7]. These correspond to transitions from
the 3d–4s, 4d–5s and 5d–6s bands, respectively. For energies below the transition
edge there is negligible contribution to the imaginary part ε′′. The contribution to the
real part ε′ may be approximated by a constant offset ε∞. The Drude equation thus
becomes

ε(ω) = ε∞ − ω2
p

ω2 + iΓ ω
(9.4)

The accuracy of this model decreases as the transition energy is approached. The
interband transition may be explicitly modeled with multiple Lorentz-oscillators [8]
but this does not take into account the actual band-gap.TheTauc–Lorentz (TL)model,
on the other hand, explicitly incorporates the band-gap [9] and gives a reasonable
representation of the interband transitions in Au [10].
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Fig. 9.2 Dielectric function of silver from the literature [11] fit with a Drude and TL model

The noble metals (or coinage metals) are of great practical interest in nanotech-
nology for two reasons. Firstly, they are comparatively inert. In particular, gold is
widely used in biomedical applications. Secondly, the noble metals have compara-
tively low damping constants Γ , especially silver which has a small Γ across the
entire visible spectrum. Thus the plasmon resonances are quite narrow. Figure9.2
shows the dielectric function of silver from Palik’s Handbook of Optical Constants
[11], fit with a Drude to account for the free electrons in the vis-IR and TL model to
account for the interband transitions in the UV.

We can now insert the silver dielectric function into the dipolar Mie formula
(9.1). Figure9.3 shows the spectral plane-wave extinction cross-sections of silver
particles of 20, 40, 60, 80 and 100nm diameter in glass, calculated using theMiePlot
software [12]. The quasistatic approximation is valid for the 20nm particle and only
a dipolar mode is observed. At larger diameters, the dipolar mode is red-shifted due
to retardation. The quadrupolar mode is already clearly visible in the 60nm particle
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Fig. 9.3 Mie cross section
for silver NPs in air showing
the dipolar resonance
red-shifting with increasing
particle size. Particles of
60nm radius show an
appreciable electric
quadrupolar resonance, and
from 100nm octupolar
resonances are clearly
observed

on the high-energy side of the dipolar mode. In the 100nm particle the quadrupolar
mode is stronger than the dipolar mode and the octupolar mode is also visible.
The broadening of the dipolar oscillation also increases with particle size, both in
Mie theory and experimentally [13]. The broadening occurs due to a dephasing of
the plasmon, arising from both radiative and non-radiative (absorption) relaxation
channels. In the dipolar-dominated small size limit the particle may be considered as
a classical oscillating dipole and the absorbed photons are thus efficiently reradiated.
As the particle size increases the radiative processes are retarded and absorption
processes increase.

For a Drude metal with a dielectric function as given in (9.4), the dipolar particle
plasmon resonance frequency is

ω2
pp = ω2

p

ε∞ + 2εa
− Γ 2 (9.5)

For a pure Drude metal with ε∞ = 1 and Γ � ωp in air (εa ≈ 1) one obtains
ωpp = ωp/

√
3 [14]. For gold (ε∞ = 10) and silver (ε∞ = 4), the actual resonance

frequency is considerably reduced.

9.3.2 Quantum Dots

Quantum dots (QDs) are semiconductor NPs which show size-dependent optical
properties. As the dimensions of the particle reduce below the de Broglie wavelength
of the thermal electrons (of the order of 10nm) the energy levels in the conduction
band become discrete, and quantum effects begin to emerge. Photo-excited electron-
hole pairs become bound (excitons) and limited pathways for de-excitation results in
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slow cooling dynamics. The optical properties of QDs are thus in general non-linear
and characterization of QD/organic composites by techniques such as spectroscopic
ellipsometry is not standard. Nevertheless, reports are emerging of the application
of SE to QD composite characterization, although care should be taken to consider
non-linear effects. Keita et al. used SE to investigate the optical properties of Si
QDs in Si-rich SiN films over the spectral range from 1.5 to 5.9eV [15]. Morreels
et al. used transmission measurements with Kramers–Kronig analysis to determine
the dielectric function of PbS QDs in a glass matrix in the 200–1800nm spectral
range [16].

The dispersion of QDs in functional organic materials is already established and
the linear optical properties of such composites is of great interest. The use of ellip-
sometry for optical characterization provides greater accuracy with the additional
relative phase information. Aslam et al. used SE to measure the optical response
of a photorefractive polymer (poly(N-vinylcarbazole) and the electro-optic chro-
mophore 1-(2-ethylhexyloxy)-2,5-dimethyl-4-(4nitrophenylazo) benzene) compos-
ite sensitized by three different types of CdSe/ZnS core/shell nanoparticles [17].
Liang et al. used a layer-by-layer (LbL) technique to fabricate hybrid thin films
of conjugated polymers and CdSe NPs, surface passivated with tri-n octylphosphine
(TOPO). They used SE to monitor the thickness of the layers and explored the photo-
voltaic properties of the films [18]. Antonello et al. investigated the optical properties
of hybrid diphenyldimethoxysilane and ZnS NP using SE and demonstrated tuning
the optical density by adjusting the relative concentrations [19].

Apart from the size and shape of the NP, the dielectric function of the NP bulk
material defines the optical response of the NP in vacuum. For practical applications
the particles must be suspended in a matrix or dispersed on a substrate. The dielec-
tric properties of the embedding medium or substrate greatly influence the optical
response. In addition, the structural, biocompatible and hydrophobic properties of
the embedding medium also define the potential range of applications for which such
a composite might be employed.

9.4 Nanoparticles in Polymer Matrices

Polymers may themselves be formed into NPs. Self-assembled monolayers of poly-
mer NPs are routinely used as masks to form periodic arrays of gold and silver NPs; a
technique known as “nanosphere lithography” (NSL). Block-co-polymers also form
into periodic structures which may be used to define arrays of metallic nanoparti-
cles. Block copolymers also form into NPs known as micelles. The morphology of
layers of micelles may be studied by SE. Hong et al. fabricated block copolymer
micelle multilayer films by dip-, spin- and spray assisted LbL methods, and studied
the porosity by SE [20]. The porosity was readily controlled from 2.6 to 55.9% by
manipulating theLbLdepositionmethods and thickness.Alternatively polymersmay
be used as stabilizers to prevent agglomeration and degradation of inorganic NPs.
Alvarez et al. characterized the long-time and dynamic interfacial tension reduction
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by polymer-grafted NPs adsorbing from suspension and the corresponding dilation
moduli at both xylene-water and xylene-air interfaces [21]. They used ellipsome-
try to assist with the study of the surface tension. The results suggest that polymer
grafted NPs produce significant surface and interfacial tension reductions.

An important concept when considering the physical state of a polymer is the
notion of a glass transition temperature (Tg). Due to strong long-range intermolecular
forces, the transition from the liquid to the solid state occurs over a large temperature
range. The glass transition temperature is assigned according to readily observable
changes in the thermodynamic properties of the polymer. For example, the heat
capacity and expansivity change discontinuously at the glass transition temperature.
Ellipsometric investigations of Tg in polymer thin films is reviewed in Chap.5. We
note here a number of such studies that incorporate NPs to influence Tg . Herzog
et al. investigated the effect of heat treatment on the structure of colloidal thin films
of polystyrene NPs in situ using combined GISAXS and ellipsometry [22]. In the
vicinity of the glass transition temperature a rapid loss of ordering is observed in
spin coated films. Chandran et al. investigated thin films of Au NPs embedded in
polystyrene [23]. The temperature dependence of the thickness was monitored by
SE and used to determine Tg . A strong dependence of Tg on the NP concentration
was observed.

Dispersing NPs in polymer significantly affects the optical properties and is
strongly dependent on the NP material. Kim et al. determined the complex refractive
index of Au-NPs in polystyrene (PS) films using VASE [24]. The composite film
were prepared by first grafting thiol terminated polystyrene molecules (PS-SH) onto
the surfaces of colloidal gold NPs. These were then dispersed in PS solutions and
spin coated onto silicon substrates. The authors observed the LSPR in the spectra,
which for homogeneous particle sizes were well described using classical Mie the-
ory and the Drude model. Eita et al. fabricated multilayered thin films composed
of nanofibrillated cellulose (NFC), polyvinyl amine (PVAm) and silica nanoparti-
cles on polydimethylsiloxane (PDMS) using a layer-by-layer adsorption technique
and measured the thickness using ellipsometry of 2.2 and 3.4nm per bilayer for the
PVAm–NFC system and the PVAm–SiO2–PVAm–NFC system, respectively [25].

Schmidt et al. used SE to demonstrate reversible swelling upon reduction of an
electroactive polymer nanocomposite composed of cationic linear poly(ethylene-
imine) and 68 vol% anionic Prussian Blue nanoparticles [26]. Using SE they first
measured the passive swelling of the composite by monitoring the film thickness
as a function of time (Fig. 9.4a). Then they used an applied electric potential to
demonstrate active swelling of two (LPEI/PB)30 films subjected to 10 redox cycles.
Bymonitoring the redox cycles usingSE the thickness changes forfilmswith different
preparation methods could be accurately identified (Fig. 9.4b). This is an excellent
example of the highly-sensitive, non-invasive potential of real time ellipsometry.

Noble metal nanoparticles embedded in polymer are also effectively fabricated by
co-sputtering, often termed NP/plasma-polymer composites, and recently reviewed
by Biederman [27]. Takele et al. studied the LSPR as a function of Ag volume
fraction in films of Teflon A, poly(methyl methacrylate) (PMMA) and Nylon 6
using transmission and reflection spectroscopy [28]. They observed that the position,

http://doi.org/10.1007/978-3-642-40128-2_5
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Fig. 9.4 SEmeasurement of the time dependent thickness change during swelling of a polymer/NP
composite. a Initial swelling was observed by immersing the composite in solution. b Active
swellingwas induced by applying repeated redox cycles to the composite film. From [26]. Reprinted
with permission from D.J. Schmidt et al., ACS Nano 3, 2207 (2009). Copyright 2009, American
Chemical Society
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width and strength of the plasmon resonance depend strongly on the metal filling
factor, cluster size and interparticle distance, and also on the embedding polymer
matrix. Multilayers of these materials were later demonstrated as effective Bragg
reflectors [29].

9.5 Nanoparticles and Self-assembled Monolayers

SAMs are molecular assemblies of organic molecules spontaneously adsorbed on
inorganic surfaces. They are produced from solution or by gas-phase evaporation,
forming ordered domains of three dimensional crystalline or semi-crystalline struc-
tures on the substrate surface. The molecules bind, usually by chemisorption, to the
substrate, thereby reducing the free energy of the inorganic-ambient interface. The
spontaneous ordering of the molecules on the surface further reduces the free energy
of the system. The ordered arrangement of molecules changes the interfacial prop-
erties of the surface in ways that are well defined and reproducible. Many molecules
that form SAMs have a chemically functional “headgroup” with a specific affinity for
a substrate. One may also tailor the “tailgroup” to define a chemical functionality for
the exposed surface. The most extensively studied class of SAMs is derived from the
adsorption of alkanethiols on gold, silver and copper, as well as palladium, platinum
and mercury. The high affinity of thiols for the surfaces of noble and coinage metals
allows one to generate well-defined organic surfaces with chemical functionalities
at the exposed interface.

SE is widely used to investigate SAMs on flat surfaces [30] and forms the basis
of other chapters in this book. One of the earliest reports of FTIR ellipsometry of
SAMS is by Muese et al. [31]. By comparing models with experimental data, they
used FTIR ellipsometry to determine the thickness andmolecular structure of a series
of alkanethiol monolayers. Gonzalez et al. used in situ SE to control the thickness of
evaporated 1,2-dipalmitoyl-sn-3-phosphoglycerocholine membranes deposited onto
a silicon substrate [32]. They were able to identify well-defined boundaries for gel,
ripple, liquid crystalline and fluid-disordered phases during several heating cycles.
Using imaging ellipsometry (IE) they characterized the ripple phase undulations with
period of 20.8nm and height of 19.95nm along the temperature interval of 34–40 ◦C.
Clusters/agglomerations heights of more than twice the membrane thickness were
observed with IE, induced by heating cycles.

Porphyrins are an interesting molecule that form SAMs. Palomaki et al. found
good agreement between XRR and spectroscopic ellipsometry thickness measure-
ments of Si(100) supported molecular multilayers fabricated by LbL method utiliz-
ing copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) [33]. Modeling of the
ellipsometric data over the full visible region using an oscillator model produces an
absorption profile closely resembling that of a multilayer grown on silica glass.

SAMs also form on nanoparticles, most notably gold (Au-NPs), with the cir-
cumference of the particle influencing the properties of the tail-group functionality
via the curvature of the metal surface. The SAMs also act to stabilize the particles
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and protect them from chemical interaction and degradation. SAM-stabilized Au-NP
films show significant functional properties, such as photoconductance [34]. Malin-
sky et al. fabricated Ag NP arrays using nanosphere lithography and coated them
with alkanethiol SAMs [35]. Using reflection/transmission spectroscopy they made
three important conclusions: (1) the resonance frequency of the LSPR linearly shifts
to the red 3nm for every carbon atom in the alkane chain; (2) spectral shifts as large
as 40nm are caused by only 60000 alkanethiol molecules per nanoparticle, which
corresponds to only 100zmol of adsorbate; and (3) the nanoparticles’ sensitivity to
bulk external environment is only attenuated by 20% when the nanoparticles are
modified with the longest chain alkanethiol (1-hexadecanethiol, 2nm). Experimen-
tal extinction spectra were modeled by using Mie theory for Ag nanospheres with
dielectric shells intended tomimic the self-assembledmonolayer (SAM) in thickness
and refractive index. The authors found that the Mie theory qualitatively predicts the
experimentally observed trend that the resonance frequency linearly shifts to the
red with respect to shell thickness, or alkanethiol chain length; however, the theory
underestimates the sensitivity by approximately a factor of 4.

Numerous ellipsometric studies havebeenperformed to characterizeAu-NP/SAM
systems. Wang et al. used SE to determine the optical constants of Au NPs linked
by dithiols and carboxylic acid functionalized thiols of various lengths [36]. They
showed the wavelength of the LSPR to be dependent on the interparticle linker chain
length. Jaber et al. used Se to measure the LSPR in 2D arrays of Au–PNIPAM core–
shell nanocrystals fabricated using convective deposition and spin-coating [37]. By
annealing at 700 ◦C the polymer shell was removed, while retaining a monolayer of
well-separated gold nanoparticles.

Mayya et al. used a host of techniques including ellipsometry to investigate the
complexation of cysteine-capped Au NPs with octadecylamine Langmuir monolay-
ers [38]. By controlling the pH during deposition they could control the uniformity of
the NPs dispersed on the substrate surface. Combining spectroscopic ellipsometry
(SE), Raman spectroscopy, surface potential Kelvin probe microscopy (SP-KPM)
and AFM, Giangregorio et al. investigated the interaction of hydrogen with thiol
functionalized Au-NPs deposited on silicon substrates by RF sputtering of gold [39].
The kinetics of the thiol self-assembled monolayer (SAM) formation, and on the
density of the resulting SAMs were explored. NP films were exposed to a remote H2

plasma and subsequently functionalized by the aromatic (4-methoxyterphenyl-300,
500-dimethanethiol) and aliphatic (dodecanethiol) thiols. They found that remote H2

plasma pretreatments of gold surfaces are effective in improving thiolate adsorption,
making SAMsmore uniform and densely packed. They also demonstrate that hydro-
genation of nanoparticles improves stability of thiol functionalized AuNPs, avoiding
their aggregation. The same group prepared SAMs derived of 4-methoxy-terphenyl-
300,500-dimethanethiol and 4-methoxyterphenyl-400-methanethiol by chemisorp-
tion from solution onto gold thin films and NPs [40]. The SAMs were characterized
by spectroscopic ellipsometry to determine their refractive index and extinction coef-
ficient in a spectral range from 0.75 to 6.5eV. The thermal behavior of SAMs were
also monitored using ellipsometry in the temperature range 25–500 ◦C.



9 Systems of Nanoparticles with SAMs and Polymers 211

Aureau et al. studied the properties of interfaces of twomodel surfaces obtained by
covalently grafting alkyl chains directly to oxide-free silicon surfaces, either via Si–
O–C or Si–C bonds are compared with those currently obtained by attaching organic
silane molecules (e.g., (aminopropyl)triethoxysilane) on oxidized silicon surfaces.
They used FTIR, Raman spectroscopy and spectroscopic ellipsometry to show that
nanopatterned Si–O–C surfaces suffer some oxidation upon attaching nanoparticles,
although they remain stable in ambient environments. In contrast, surfaces with Si–C
bonds remain oxide free and remarkably stable during and after gold nanoparticle
attachment [41].

9.6 Effective Medium Approximations

Many of the examples given above present cursory investigations into the material
properties using ellipsometry, such as the film thickness or effective optical constants.
Bymonitoring changes in these properties one can infer important information about
chemical and physical processes, such as the polymer Tg . In the case of NP com-
posites, important questions are the size, shape and fill factor of the NPs in the
host matrix. Effective medium models allow one to extract such information from
ellipsometric measurements.

When moving from the case of an individual particle to a large ensemble of
particles we must take into account the collective behavior of the particles in a
medium and their affect on each other. By assuming the material has a spatially-
homogeneous effective permittivity, the Fresnel equations and those of geometrical
optics may still be applied. The effective medium concept reflects the fundamental
connection between the macroscopic permittivity of a material and the microscopic
polarizabilities of the constituents. The effective medium models are presented in
the introductory chapter. Aspnes also gives an excellent contemporary review of
effective medium theories [42].

The Maxwell–Garnett theory (MGT) was specifically developed to describe the
optical properties of gold nanoparticles in a dielectric. The theory assumes a random
ensemble of nanoparticles with a low fill factor, F . We should expect that in the limit
of very small F the MGT converges to the quasistatic Mie case. For metallic spheres
with a Drude dielectric function, the MGT describes a Lorentzian with a resonance
frequency of

ω2
0

= ω2
p
(1 − F)

ε∞ + 2εa
(9.6)

This formula converges in the limit F → 0 with (9.5) as expected. As F increases
the MGT predicts a red-shift of the resonance frequency. This is logical since the
resonance frequency of a Drude metal is zero, which would be the case in the limit
F → 1.
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The MGT was used to model the content of magnetite (Fe3O4) nanoparticles
dispersed in thin films of poly(N-isopropylacrylamide) (PniPAAm) [43]. SE mea-
sured were performed for 6 different concentrations of NPs. Using the bulk dielectric
functions of magnetite and a Cauchy model for the PniPAAm the effective refrac-
tive index and extinction coefficient were determined, as shown in Fig. 9.5. Both
the optical parameters are observed to increase markedly with increasing content
of nanoparticle. The fill factor values of the NPs in the polymer agreed well with
measurements from electron microscopy.

The absence of a size dependence in (9.6) implies that the resonance should not
change for particles below the quasistatic limiting diameter of around 20nm. In
practice, for 5nm particles the resonance is strongly damped and for particles below
around 2nm it completely disappears [44]. This is understood in the context of an

Fig. 9.5 Effective refractive index and extinction coefficient of magnetite NPs dispersed in Pni-
PAAMmatrices, determined using the MGT. From [43]. Reprinted with permission from S. Rauch
et al., J. Vac. Sci. Technol. A 30, 041514 (2012). Copyright 2012, American Vacuum Society
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increase of the Drude broadening parameter, Γ , due to effects such as impurities, lat-
tice defects and surface scattering [14]. Note that quantum effects for metal particles
are not apparent for particleswithmore than a few hundred atoms,which corresponds
to a diameter below 1nm [14]. For a bulk crystal, the mean free path l∞ is determined
by electron and phonon interactions. This length scale reflects the distance between
memory canceling collisions of the electrons. As long as these collisions are slightly
inelastic, the interaction involves electrons close to the Fermi surface and hence:

Γ∞ = vF

l∞
(9.7)

Here vF is the Fermi velocity of the electrons. For a small particle with radius a
the effect is empirically accounted for by introducing an additional term into the
broadening [45]:

Γ (R) = Γ∞ + AvF

a
(9.8)

The parameter A accounts for the spherical nature and can as well account for the
influence of the chemical environment. For a spherical particle with no chemical
effects, A = 4/3 [14, 46]. The chemical effect on the A parameter may be deter-
mined experimentally by comparing the broadening with microstructural analysis
of the particle size. While the broadening can be determined using reflection and
transmission measurements [47] it can also be determined using spectroscopic ellip-
sometry. The method is generally only useful for well-dispersed particles suspended
in a film of transparent media such as glass or polymer. Dynamic SE was used
to observe the growth of silver nanoparticles in polymer thin films by temperature
induced reduction of silver salts [48, 49]. By determining a final A = 0.41 using
scanning electron microscopy, the data could be modeled to give the particle radius
during growth (Fig. 9.6). The plasmon resonance was completely broadened for par-
ticles smaller than about 2nm due to surface damping. This method allows the in
situ monitoring of NP growth and can be utilized to stop the growth at any required
point by simply cooling the sample.

Schädel et al. used SE to investigate the volume ratios of polymer/NP (CdSe QDs
and nanorods with hexanoic acid-treated hexadecylamine or pyridine as the cap-
ping ligands) blends by employing effective mediummodels [50]. They successfully
determined the mass ratio of the components, the mass density of the NP includ-
ing the inorganic crystalline core and the organic ligand layer. A geometrical model
for the QDs and nanorods allowed for the estimation of the ligand layer thickness.
Warenghem et al. used the MGT to determine the effective optical properties of
BaTiO3 NPs embedded in nematic liquid crystals [51]. By combining ellipsometry
with refractometry they were able to increase the measured parameters and uniquely
determine the ordinary and extraordinary components of the anisotropic dielectric
function. Ruiterkamp et al. used effectivemediummodels to fit SEmeasurements and
determine the refractive index of transparent nanocomposites composed of rutile tita-
nium dioxide nanoparticles functionalized with 1-decylphosphonic acid and diethyl
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(a) (b)

Fig. 9.6 a Real time in-situ SE data (bottom) and fitted imaginary part of the effective dielectric
function (top) showing the appearance and growth of a LSPR band due to the nucleation and growth
of silver NPs in a PVOH thin film. b By scaling the A-parameter in (9.8) from the final size of the
NPs, the particle radius (top) and silver content (bottom) could be inferred from the EMA data for
different heating rates (fast: red triangles, slow: black circles). Adapted from [49]

undec-10-enyl phosphonate in a poly(benzyl acrylate) matrix [52]. They observed an
increase from 1.57 for the pure polymer to 1.63 for 14.0 vol.% TiO2 at λ = 586nm.
Nanocomposite films with particle weight percentages of up to 30% (9.5 vol.%)
showed a high light transmittance of around 90% at wavelengths above λ = 400nm.
Balevicius et al. used TIRE (described in Chap. 18) to investigate the optical response
of hybrid multilayer systems of gold nanoparticles dispersed on SAMs [53]. They
used the Bruggeman EMA to fit the data and extract the effective complex refractive
index of the layers.

9.7 Surface Coverage of 2-D Films

The Lorentzian shape of the resonance in the MGT for a Drude metal in a dielec-
tric can be used as a quick approximation to determine the dielectric function from
ellipsometric data without explicitly fitting F or other unknowns. Yamaguchi was
one of the first to note this [54]. He observed resonance type absorption in discon-
tinuous evaporated noble metal island films (MIFs) and used the MGT to derive a
Lorentzian expression for the resonance. This Lorentzian depends on the fill factor
of the material, and the energy position of the resonance maximum depends only
on F , according to (9.6). It can therefore be used to determine the area coverage of
the metal film. Doremus [55] exploited this dependence in a similar approach and

http://doi.org/10.1007/978-3-642-40128-2_18
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derived an equation that predicts the resonance maximum in island films of noble
metals using the measured bulk dielectric functions of the metal. The maximum is
expected to occur when the real part of the dielectric function is related to:

ε′
m = − (2 + φ)n2d

1 − φ
(9.9)

whereφ is the projected surface area coverage of the particles on the substrate, and nd
is the refractive index of the substrate. Doremus later empirically demonstrated the
applicability of (9.9) using awide array of published results for various discontinuous
metal films [56].Wormeester et al. showed the effect of ε∞ on the resonance position
and broadening [57].

Using spectroscopic ellipsometry, a large number of authors have applied the sim-
ple Lorentz oscillator approach to determine the dielectric function of gold nanopar-
ticle/organic films [58, 59], electrodeposited gold on anodized and etched Al and
Cu films [60], nanoporous silver [61], gold [62], and platinum [63], and hollow gold
nanoparticles [64]. The applicability of the Lorentzian assumption and its limitations
in the event of larger φ was demonstrated using in situ real time spectroscopic ellip-
sometry (RTSE) on films deposited at room temperature and 150 ◦C [65]. Figure9.7
shows the effective dielectric functions of the islandfilmdeposited at 150 ◦Cas a func-
tion of nominal film thickness, determined using both theArwin–Aspnesmethod [66]
and a Lorentzian expression to approximate the MGT. As more material is deposited
and the surface coverage increases, the plasmon resonance red shifts, grows in ampli-
tude and broadens. The Lorentzian fit provides a good approximation of the plasmon
frequency but not the broadening or amplitude.

Roth et al. presented a real-time study of the nanostructuring and cluster forma-
tion of gold nanoparticles deposited in aqueous solution on top of a pre-structured
polystyrene colloidal thin film [67]. Cluster formation takes place at different length
scales, from the agglomerations of the gold nanoparticles to domains of polystyrene
colloids. By combining in situ imaging ellipsometry and microbeam grazing inci-
dence small-angle X-ray scattering (GISAXS), they were able to identify differ-
ent stages of nanocomposite formation, namely diffusion, roughness increase, layer
build-up and compaction. Roth et al. also used GISAXS to investigate a gradient
library of nanoparticles on a polystyrene substrate [68].

Whereas RTSE provides an extended data set in the time domain, intentionally
creating films with a thickness gradient provides an extended data set in space. The
gradient may be used as a library of particle sizes, shapes and spacings for a com-
binatorial investigation of the effect of these parameters on the optical properties
using multiple analysis techniques. Bhat et al. reported a method to use SE for a
quick prediction of the number density of Au NPs bound to surfaces decorated with
3-aminopropyltriethoxysilane (APTES) SAMs or surface-tethered polyacrylamide
(PAAm). They used a chemical gradient to create a number density of gold nanopar-
ticles on a substrate. By comparing the results of AFM and SE the authors derived
a linear relationship between the number density of NPs and the � value of the SE
measurement [69].
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Fig. 9.7 The dielectric functions of silver films deposited by PVD onto silica. Panels a, c show the
measured complex dielectric function extracted from the in situ data using the inversion method.
Panels b, d show fits of the data using the MGT. Adapted from [65]

Particle gradients are also useful for investigating optimized nanostructured sub-
strates for surface-enhanced Raman (SERS) and infrared (SEIRA) spectroscopies.
We have previously compared the Raman enhancement from silver island films with
the optical properties determined using SE [70]. Additional information was taken
from SEM images to compare the particle dimensions. The spatial resolution of
the Raman results was around 1µm, allowing identification of a dependence in the
optimal enhancement morphology on the Raman laser wavelength.

9.8 SEIRA

Surface-enhanced spectroscopies exploit the strong electric fields generated at the
surfaces of metallic nanostructures. In random and arrayed metallic nanostructures,
incident photons excite electronic resonances, resulting in inhomogeneous local
fields. Since Raman and IR cross-sections are proportional to E4 and E2, respec-
tively, emission from those molecules located within an enhanced-field region are
disproportionately enhanced. Thus, compared to a molecular concentration in a uni-
form field, SERS and SEIRA allow one to detect much lower concentrations of
molecules, even down to the single molecule limit.
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SEIRA enhancement is significantly weaker than SERS and, since its discovery in
the early 1980s [71] SEIRA has received comparatively less attention. However, the
normal molecular dipolar resonance cross-section is much greater than the Raman
cross-section, and the weak enhancement makes SEIRA comparable in sensitivity to
SERS.Recently, renewed interest has been shown in SEIRAand the related technique
of surface-enhanced fluorescence (SEF) [72], in part due to the development of
fabrication methods for well-defined metallic nano-antennas.

9.8.1 SEIRA Substrates

Classic SERS and SEIRA substrates are thin noble-metal island films on glass or
silicon, as depicted in Fig. 9.8. The random distribution of nanoparticles results in a
number of electric-field-enhanced “hot-spots”, which are the source of the scatter-
ing enhancement in SERS. In contrast, SEIRA is not a local phenomena but stems
from the effective dielectric function of the nanoparticle film mixed with an organic
molecule. The first reports of SEIRA demonstrated enhancement factors (EF) of
20, using ATR with silver deposited on 4-nitrobenzoic acid. When coupled with the
enhancement from the ATR technique, EFs of 104 were obtained [71]. The technique
was studied in depth by the group of Suetaka (later, Osawa group) who showed that
SEIRA is also observed by using transmission and external reflection methods [73].
The potential to study SAMs was recognized early [74] and much work was per-
formed during the 90s [75]. More recently, Ataka and Heberle presented interesting
results of ATR-SEIRA in differential mode to investigate cyclic voltammetry of lipid
membrane proteins [76, 77].

The Osawa group also studied in depth the morphology of the silver island films
used as substrates, showing that themaximumenhancements are observed close to the
percolation threshold [78]. No advantage was observed for periodic substrates over
random arrays [79]. This preliminary work allowed a summary of the SEIRA effect

(a) (b)

Fig. 9.8 a An SEM image of a typical SEIRA substrate composed of a silver island film just
before percolation. The scale bar is 500nm. b Schematic of the SEIRA process, showing organic
molecules distributed over gold islands. The incident light excites unequal resonances (1) parallel
and (2) perpendicular to the substrate surface. Also important in SEIRA is the multiple pathways
of light through the thin film
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by Osawa in 2001 [80], including; in ATR and external-reflection measurements,
the observed band intensities depend on the polarization and angle of incidence of
the infrared radiation; vibrational modes that have dipole moment derivative com-
ponents perpendicular to the surface are preferentially enhanced; metal island films
that exhibit SEIRA have a very broad absorption extending from the visible to the
mid-infrared, on which the enhanced absorption bands of the adsorbed molecules
are superposed.

At our laboratory, Röseler and Korte were the first to apply the newly established
technique of FTIR ellipsometry to study the SEIRA effect [81]. Later, Hinrichs et al.
showed the ability of IRSE to determine the anisotropy of Langmuir–Blodgett thin
films and explored the use of synchrotron radiation for sub-millimeter resolution,
with modeling using an EMA [82]. Bradford et al. also demonstrated the advantages
of IRSE for SEIRA studies of SAMs on gold substrates, introducing additional layers
into the stratified model [83].

9.8.2 SEIRA Optical Models

There are two important concepts to considerwhenmodeling the optical properties of
SEIRA using EMAs; percolation and anisotropy. Since the films that give maximum
SEIRA enhancement are close to the percolation threshold, interactions between
particles should be accounted for, which the MGT does not do. The MGT also
explicitly distinguishes between the particle and host dielectric functions. In contrast
the EMA of Bruggeman makes no such distinction and can therefore be used to
predict a percolation event, where the inclusions form a connected network within
the host. Another important consideration for a complete optical model of SEIRA
is the optical anisotropy of the metal films. In general this has not been taken into
account in the past, although it may be of significance for understanding the true
nature of SEIRA.

Osawa’s groupwas the first to use theBruggemanEMA to fit experimental SEIRA
data. They showed the basic band shapes and enhancement factors could be well
produced. The additional relative phase information contained in the SEIRSE mea-
surements performed by Röseler et al. allowed the direct determination of the real
and imaginary parts of the refractive index. Importantly it allowed more precise test-
ing of the Bruggeman EMA used to describe the observed spectra. Caurel et al. used
SEIRSE to investigate percolated gold island films with a-Si:H overlayers [84]. They
found good agreement with simulations using an anisotropic Bruggeman EMA, but
only low enhancement of up to a factor of 5 compared to films without gold. Later
the group of Griffiths and Theiss [85] used the Bergman model, discussing for the
first time the importance of the percolation threshold on the shape and intensity of
the bands.

An example of the Bruggeman EMA to fit the experimental data is shown in
Fig. 9.9. The resonance band of the AgCN absorption is clearly observed superposed
on a broad resonance due to the silver island film. The superposition of the two
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Fig. 9.9 Comparison of
measured and simulated
SEIRSE data. The solid lines
show the measured data of
the AgCN band on
percolated silver island films.
The dashed line shows the
simulation of using the
Bruggeman EMA with a
32% silver content. The
silver dielectric function is
from the literature [11] and
the surrounding dielectric is
a Cauchy model with a
Lorentzian resonance to
account for the AgCN band

resonances (organic and plasmonic) results in a Fano-type lineshape; a sharp reso-
nance superposed on a broad resonant background [86]. The Bruggeman model with
32% silver content matches reasonably well the measured data.

9.8.2.1 Anisotropy

In addition to the anisotropy observed in ellipsoidal nanoparticles, optical anisotropy
is also observed due to the coupling of spherical particles with overlapping near-
fields. Consider the simple case of a dimer of metallic nanoparticles in the quasistatic
limit excited by an electric field parallel to the dimer axis (Fig. 9.10a). The electric
fields generated by the plasmonic dipoles will reduce the restoring force on the
electrons in the neighboring particle, thereby red-shifting the resonance frequency.
Conversely, if the external field is perpendicular to the dipole axis (Fig. 9.10b) the
dipole fields will blue-shift the resonance frequency. Since the effect of each particle
on the other is reciprocal the plasmons hybridize [87]. In the large-gap limit the effect
is akin to the interaction between two isolated dipoles, whilst for small gaps higher
order multipoles become important.

Extending the concept to a layer of isolated densely-packed particles on a surface,
it is clear that the in-plane resonance (a-mode) will be red-shifted, and the out-of-
plane resonance (c-mode) blue-shifted, with respect to the resonance for an isolated
sphere. Thus the dielectric function of the film is uniaxially anisotropic, and the
plasmon resonance is split. The two modes are easily observed in the reflection
spectrum of p-polarized light at large angles from the surface normal [88], or in
ellipsometry measurements [89]. The mode splitting is not predicted by the MGT or
Bruggeman formalisms.

However, although the standard MGT does not predict the mode splitting in NP
thin films, it does predict two modes when εeff is used in thin film models such as
the Airy formula. The lower frequency resonance is the collective in-plane localized
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Fig. 9.10 Dipolar coupling between two adjacent metal NPs. If the external exciting field is a par-
allel to the dimer axis, the induced fields reduce the total field in the particle, thus red-shifting the
resonance. In the perpendicular case (b), the fields add and blue shift the resonance frequency

plasmon resonance, retarded due to inter-particle coupling and substrate interactions.
The higher frequency resonance is the collective out-of-plane localized plasmon
resonance. Equivalently, it is the plasma oscillation of the entire thin film which
occurs very close to εeff = 0. It is often referred to as the Ferrell mode [90] and is
the plasmonic analogue of the phononic Berreman mode [91]. Note that there is no
intrinsic resonance in the dispersion of εeff at the c-mode resonance frequency; the
observed resonance arises from defining the boundary conditions of the thin film
surfaces. For the resonance to occur in the model the real part of εz is required to
transit through zero and the imaginary part must be small. A correct model for εz is
important to correctly interpret the physical origins of SEIRA.

9.8.3 Recent Advances in SEIRA

With the advent of improved nanofabrication and the rapid interest in plasmonics,
there have been a large amount if activity in SEIRA studies in recent years. The
Pucci group has recently investigated the use of top-down fabricated gold rods as
SEIRA antennas, with organic molecules deposited on the surface. They beautifully
show the dependence of the rod length on the localized SPR and how the LSPR
is related to the shape and enhancement of the IR absorption spectra [92]. They
also presented real time SEIRA measurements during the deposition of gold films
in liquid by ATR-SEIRA, followed by in situ SAMs growth [93]. SEIRA has also
been demonstrated using novel antenna shapes, include nanoshell aggregates [94],
split-ring shaped particles [95], and asymmetric crosses [96]. Recent demonstration
of the sensing of Amide bands by top down nanorods has opened the door to SEIRA
application in protein array microsensors [97]. The application of FTIR ellipsometry
to explore the origins of SEIRA in nanofabricated substrates has great potential.
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9.9 Conclusions and Outlook

The potential of SE to characterize organic/NP composites has been demonstrated,
but by no means is the scientific potential of the field exhausted. The vast range of
polymer and SAM materials available for use both as passive and active embedding
materials will ensue that a vast range of composites with new material properties
are yet to be uncovered. The versatility of SE, for real time measurements with
sub-nanometer thickness sensitivity and sub-monolayer surface coverage, makes it
an essential method. In addition the ability to monitor processes remotely, non-
destructively and in diverse environments all contribute to the attractiveness of SE
as a sensing and quality assurance tool.

To date the majority of applications in this field have been simple thickness mea-
surements, with some efforts aimed at parameter retrieval to pinpoint the material
effective refractive index. The effective medium models described here are excellent
starting points to attempt to quantitatively determine more complex material prop-
erties such as the size and fill factor of metal NPs in a polymer matrix. More work is
to be done to refine these models for the tasks at hand. In particular the enhancement
of IR signals by SEIRA is not completely understood and SE will play a major role
in unearthing and exploiting this powerful sensing method.
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Chapter 10
Detection of Organic Attachment onto
Highly Ordered Three-Dimensional
Nanostructure Thin Films by
Generalized Ellipsometry
and Quartz Crystal Microbalance
with Dissipation Techniques

Keith B. Rodenhausen, Daniel Schmidt, Charles Rice, Tino Hofmann,
Eva Schubert and Mathias Schubert

Abstract Highly ordered three-dimensional nanostructure thin films provide sub-
stantially increased surface area for organic attachment and new detection principles
due to the new and unique optical and physical properties of the nanostructures.
Upon organic material attachment, the optical birefringence of these highly ordered
three-dimensional nanostructure thin films changes due to screening of polarization
charges. The surfaces of the highly ordered three-dimensional nanostructure thin
films are thus suitable candidates for studying organic adsorption for sensing and
chromatography applications. We review contemporary research in this area and
specifically report the monitoring of organic attachment using the generalized ellip-
sometry and quartz crystal microbalance with dissipation techniques. Both methods
are sensitive to the adsorption of organic layers, on the order of few angstroms
to few micrometers in thickness, at the solid-liquid interface. The combinatorial
use of both techniques, described in Chap.17, provides insight toward how organic
materials attach within highly ordered three-dimensional nanostructure thin films.
We discuss studies of fibronectin protein adsorption, decanethiol chemisorption,
and cetyltrimethylammonium bromide adsorption. We also address potential future
developments and applications.
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10.1 Introduction

Three-dimensional (3D) nanostructure thin films, also known as sculptured thin films
(STFs), are a class of materials of great contemporary interest. A STF is a porous
layer of nanostructures, which possess distinct shape determined by their growth
process. These nanostructures are aligned with respect to a single characteristic axis
and may be arranged in a regular pattern, an irregular pattern, or a locally ordered
pattern. Nanostructure shapes include columns, chevrons, helices, etc. [8, 19]. All of
these geometries imply structural and optical anisotropy because the nanostructures
are aligned; more regular ordering of the nanostructures implies a higher anisotropy.
Anisotropic STFs exhibit birefringence and dichroism [30–32]. STFs have been
actively developed as optical elements, and development of STFs for electronic,
thermal, chemical, and biological applications is ongoing or expected in the future
[19]. Generalized ellipsometry (GE) is the most appropriate technique for measuring
and determining the anisotropic properties of STFs [29–32, 35].

Surface structuring is a common technique for enhancement of signals related to
the attachment or presence of chemical or biochemical targetmolecules in the vicinity
of a surface. One such technique, for example, is nanoparticle-based enhancement
of electro- or photoluminescence. If an analyte is brought into close proximity of
a metallic surface with a spatial dimension much smaller than the wavelength of
probing light of a Raman spectroscopy measurement, the signal due to inelastic
scattering may be amplified by a factor as high as 1014; this effect is known as
surface-enhanced Raman scattering (SERS) [13]. SERS has been used to detect
4-aminotheophenol that adsorbs onto STFs from ethanol solutions more dilute than
1µg/L [1, 37]. Raman and luminescence techniques require large non-linear optical
coefficients and luminescent material properties to be detected, respectively, and the
nanostructured surface aids in providing local electric excitation field enhancement
where target molecules must be present for detection.

Probe molecules that have a binding affinity for an analyte of interest may be
attached to the sample surface prior to a measurement. Many of the probes that are
ubiquitous and have reached commercial availability require integrated tags for fluo-
rescence, radioactivity, or chemical activity studies, from which binding events may
be quantified. These tags have major shortcomings, as they act as intermediaries
between the actual binding event and detection, may interfere with adsorption or
structural conformation changes, and place requirements on the synthesis of probes
to allow the addition of the tag. Surface plasmon resonance (SPR) is a technique
currently used for label-free sensing [17]. However, SPR signal responses are non-
linear and make comparisons between measurements and references a challenge.
The quartz crystal microbalance with dissipation (QCM-D) and GE measurement
techniques operate under orthogonal measurement principles and can be used simul-
taneously on the same sample for cross-validation and determination of porosity
parameters for an attached organic layer [25].

Planar chromatography involves separation carried out across a two-dimensional
(2D) surface. Planar chromatography is widely used for the analysis of chemicals
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in fields such as clinical, biochemical, environmental, and pharmaceutical testing.
Recent advances in nanostructure preparation have led to the development of highly
efficient supports built from monoliths or microfabricated structures that are now
being employed in a method known as ultrathin-layer chromatography (UTLC)
[3, 15, 20]. While the development of UTLC and its supports has progressed rapidly,
the detection mechanism that has been utilized in these methods has been based on
ultraviolet/visible absorbance or fluorescence measurements that have been limited
in detection levels to approximately 500pg/µm2 for direct (non-labeled) detection or
5pg/µm2 for labeled-based detection, respectively, as reported when using capillary
flow on a monolithic silica support in UTLC. The past and current optical detec-
tion modes for UTLC require analytes that are fluorescent, that use Raman-active
labeling (i.e., giving large non-linear optical coefficients), and/or substances with
sufficient absorption properties for detection (i.e., linear optical extinction coeffi-
cients). In order to yield a sufficient signal intensity change for detection, certain
surface geometries are needed for the use of SERS or for accumulating enough ana-
lyte within the light beam’s path to create sufficient light absorption. As a result, these
schemes tend to be limited to highly colored or fluorescent analytes or to labeled sub-
stances. Thus, it is expected that these detection modes would be applicable to only
a minimal range of substances in current UTLC systems.

In this chapter we describe a new class of surface enhanced detection by the use of
a linear optical technique, generalized ellipsometry, and by the use of highly ordered
3D nanostructure thin films with a high-degree of ordered arrangement among the
individual, electrically conductive nanostructures. We have recently discovered that
such surfaces reveal very strong optical anisotropy due to the ordered arrangement
of the nanocolumns [26, 33]. We term this nanostructure-induced anisotropy as
surface-enhanced anisotropy here. The surface-enhanced anisotropy is caused by a
spatially confined and coherentmovement of dielectric chargeswithin highly-ordered
3D nanostructures (Fig. 10.1, left). We have demonstrated that the surface-enhanced
anisotropy can be measured accurately and with high precision by ellipsometry
from the terahertz to the ultraviolet spectral region [9–11, 26, 33]. Specifically,
we employed GE, a method that we developed recently as the appropriate tool for
characterizing anisotropic surfaces [26].

The surface-enhanced anisotropy comprises both strong birefringence (i.e., dif-
ference in major indices of refraction along the three major axes of the anisotropic
materials) and strong dichroism (i.e., difference in major indices of extinction along
the three major axes of the anisotropic materials). Here, the “material” is rendered by
the average response of a large ensemble of nanostructures because the wavelength
of probing light is larger than typical dimensions of one individual nanostructure.
The effective major axes a, b, and c of this anisotropy (shown in Fig. 10.6) are found
to be oriented along the column, perpendicular to the column and parallel to the
slanting plane, and perpendicular to the column and parallel to the substrate surface,
respectively. Note, that due to the slanting of the nanocolumns, the average separation
between the columns within the slanting plane and between the columns perpendicu-
lar to the slanting plane is different. Hence, the two major complex optical constants
perpendicular to the columns differ from each other in addition to being generally
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Fig. 10.1 Left: The surface-enhanced anisotropy is caused by anisotropic electric displacement
formation within a conductive (metal) columnar thin film of highly-ordered 3D nanostructures
on a substrate surface under the influence of an incident electromagnetic wave. E denotes the
electrical field component of the electromagnetic wave, and P the induced polarization. If E is
oriented parallel to the columns (not shown here), P is much larger since dielectric displacement
can form along the column axis. (Note: P is proportional to charge times distance.) The optical axis
of this surface-enhanced anisotropy is along the column axis. Right: Adsorption of dielectrically
polarizable objects (e.g., organic adsorbate molecules) increase the surface-enhanced anisotropy by
screening of P perpendicular to the columns, while P parallel remains nearly unaffected. (Typically
columnar dimensions: 20–50nm in diameter and 100–2500nm in length; lateral separation: 20–
150nm)

different from the complex optical constants for polarization parallel to the column
axis. Therefore, these materials respond to electromagnetic radiation like absorbing
biaxial “crystals,” in general.

The physical origin of the surface-enhanced anisotropy change (Fig. 10.1, right) is
a coherent screening effect of the displacement charges within the columnar nanos-
tructures that mostly occurs on the long sides of the columns, while very little screen-
ing occurs on the tips of the columns upon attachment of organicmolecules. Thereby,
the major optical constants for polarization parallel to the columns remain mostly
unaffected while the twomajor optical constants for polarization perpendicular to the
column axis change sensitively. It is of great interest here to note that a similar amount
of organic attachment in a randomly spatial fashion, for example within a randomly
structured nanoporous material, would lead to a fraction of percent change in the
material’s isotropically averaged optical constants and would hardly be detectable
by a linear optical technique. The attachment of the same amount of organic con-
stituent within the highly-ordered 3D nanostructured surface, however, causes a
subtle shift of the surface-enhanced anisotropy, and thereby becomes a directly mea-
surable quantity. Such anisotropy change, for example, could be measured by a
change in cross-polarized transmittance or reflectance.

The molecular-attachment-induced surface-enhanced anisotropy change can be
combined into a highly selective and highly sensitive detection scheme if the nanos-
tructured surface is further functionalized. This functionalization can be done in such
a way that only targeted molecules will selectively attach, thereby causing a surface-
enhanced anisotropy change. Such surface functionalization can be obtained by
using target-selective aptamers that are chemically attached (bonded) to the surface.
These aptamers undergo a configuration change when hybridizing with their target
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Fig. 10.2 Principles of target interaction with highly-ordered 3D nanostructures, for example, with
aptamer-based DNA. Interaction with target molecules results in attachment of additional organic
constituents and surface-enhanced anisotropy change,which can be read-out via ellipsometricmeth-
ods. Note that the organic molecules are drawn enlarged by about one order of magnitude with
respect to the nanostructures

molecule. An example is schematically depicted in Fig. 10.2 for the hybridization
reaction with a DNA target molecule. Note that the aptamer image is approximately
one order of magnitude enlarged relative to the typical nanostructure dimension.

Measurement and detection of the surface-enhanced anisotropy can be done, for
example, either in a source-intensity-modulated, cross-polarized lock-in-based inten-
sity measurement, or in a polarization-modulated, Fourier-analysis-based ellipsom-
etry measurement. The latter provides higher sensitivity to small anisotropy changes
with improved accuracy, at the cost of measurement time. The detection of the varia-
tion in surface-enhanced anisotropy establishes an intrinsic false-mode suppressing
read-out mechanism because only molecules captured (adsorbed) onto the nanos-
tructures will cause a change in surface-enhanced anisotropy.

Due to their porous film characteristics, STFs have higher surface area for chem-
ical adsorption than respective flat surfaces. Thus, STFs can be used as scaffolds for
subsequently immobilized probes with surface chemistries that are already under-
stood, such as aptamers or antibodies. The surface concentration of probe relative
to that of a flat surface is increased to improve sensitivity to analyte molecules that
bind to probes.

The combination of optical methods and the quartz crystal microbalance with dis-
sipation (QCM-D) technique adds further information regarding the porosity of sur-
face layers. Detailed discussion on the theory, implementation, and current progress
of combinatorial QCM-D and spectroscopic ellipsometry on flat surfaces is available
in Chap.17. We do point out that future theoretical work is required for application
to 3D nanostructured surfaces.

http://doi.org/10.1007/978-3-642-40128-2_17
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The focus of this chapter is to review contemporary developments to detect and
quantify organic adsorption within STFs using the GE and QCM-D techniques. The
glancing angle deposition (GLAD) method to fabricate STFs and the atomic layer
deposition (ALD) technique to modify STFs are introduced in Sect. 10.2. The GE
and QCM-D techniques and analysis methods for chemical detection are discussed
in Sect. 10.3. Finally, an overview of ongoing efforts in the field is presented in
Sect. 10.4. Discussed are the determination of in-situ monitoring of fibronectin pro-
tein adsorption, decanethiol chemisorption, and cetyltrimethylammonium bromide
surfactant adsorption, the latter in a transmission setup as a pathway to arrayed
detection.

10.2 Surface Preparation

The STFs discussed here are grown by electron-beam GLAD. They may be further
coated by ALD to fabricate surfaces with specific, further desired chemical and/or
material properties.

10.2.1 Glancing Angle Deposition

GLAD is a bottom-up fabrication technique to form a layer of nanostructures, also
known as a STF, that employs a physical vapor deposition process at oblique angles
where the trajectory of the incomingparticle flux is not parallel to the substrate normal
[8, 16, 19, 24, 35]. The choices of materials and deposition conditions determine
the nanostructures’ shape, spacing, and morphology [29–32]. Figure10.3 shows a
schematic of the process. Inside an ultra-high vacuum chamber, a target of material is
heated by an electron beam.The emitted particles reach the substrate (sample) surface
in line-of-sight from the target, where the substrate surface is tilted at an angle with
respect to the incident particles. High deposition angles of 80◦ or greater with respect
to the surface normal are commonly used. Discrete nanostructures emerge from the

Fig. 10.3 Glancing angle deposition of columnar thin films with a steady substrate (left) and
hollow-core helices with a slow and continuous substrate rotation. Reproduced from [28]
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initial nucleation sites during the GLAD process and can likewise shadow each
other. Thus, an STF comprises individual nanostructures of various lengths on top
of a substrate roughened by shadowed nucleation sites. Ideally, the packing fraction
of the STF material is uniform with respect to height and column shape across the
deposition area. Adatomic diffusion is a dominant mechanism of the GLAD process
and affects the nanostructures’ morphology [24].

If the sample substrate is rotated continuously during the GLAD process
(Fig. 10.3), the direction of the incoming particle flux steadily changes such that
spiral- or screw-like nanostructures may be formed. Similarly, if the sample substrate
is rotated in discrete increments with intermittent stationary periods, chevron-like
nanostructures are yielded.

For applications where control of the spacing between adjacent nanostructures is
important, substrates can be seeded by metallic nanoparticles prior to GLAD by a
process known as diblock copolymer nanolithography [6, 38]. These nanoparticles
may serve as artificially placed initial nucleation sites. Nanoparticles capped by
organic materials, such as surfactants or polymers, and dispersed in liquid solution
can be close-packed onto a substrate that is dipped in and removed from the solution.
The organic capping agent is subsequently removed by plasma etching to yield a pre-
patterned substrate for GLAD. The choices of nanoparticle size and organic capping
agent determine the spacing distance between nanoparticles and, thus, nanostructures
grown by GLAD.

10.2.2 Atomic Layer Deposition

ALD is a chemical deposition process that may be used to conformably coat a surface
with a thin film whose thickness may be very small, on the order of few Angströms
or few nm [18]. The thin film is formed by self-saturating surface reactions. The
sample is placed in a vacuum chamber, and an organometallic precursor vapor is
introduced that adsorbs to the surface and saturates it over time. If a sample surface
comprises 3D structures of high aspect ratio, diffusion may become the dominant
mechanism for vapor transport. A purge gas removes excess organometallic precur-
sor. Next, a second precursor vapor (e.g., water) is introduced and chemically reacts
with the adsorbed organometallic molecules to form a cohesive layer and eliminate
unnecessary precursor ligands. Sometimes this step can be replaced by an alternative
treatment, such as plasma or ozone. As illustrated by Fig. 10.4, consecutive intro-
duction of precursor vapors and flushing with purge gas allows for the controlled
growth of a conformal layer. An ALD coating may provide a desired surface while
exploiting favorable structural properties of a different material or an economical
use of precious material.

To confer new surface properties to a STF, a homogeneous conformal surface pas-
sivation layer can be deposited byALD followingGLAD.Because the nanostructures
are 3D, conventional PVD techniques are not useful for post-GLAD modification.
Currently available precursors allow, for example, deposition of metal oxide (SiO2,
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Fig. 10.4 Schematic of surface passivation for GLAD-prepared highly-ordered 3D nanostructured
thin films using ALD. Modified from [33]

Fig. 10.5 High-resolution cross-section scanning electron microscope micrographs revealing the
structural equivalence before (left) and after (right) ALD passivation with a 2.4nm layer of Al2O3.
Reproduced from [33]

Al2O3, HfAlO, ITO, etc.) and metal (Ru, Pt) conformal overlayers. Such layers may
be applied for stabilization against oxidation and as a reproducible, well-defined
platform for subsequent linker chemistry for functionalization with biorecognition
elements, as shown by Fig. 10.5.

10.3 Theory

The GE and QCM-D techniques and the data analysis approaches required to quan-
titatively determine the amount of organic adsorbate are described here.

10.3.1 Generalized Ellipsometry

Generalized ellipsometry is a technique predicated on spectroscopic ellipsometry that
draws upon a broader formalism for mathematical treatment of polarized light and
that allows the characterization of optically anisotropic materials. Input and output
light beams are described by Stokes vectors Sin and Sout, respectively, and the optical
system (e.g., STF sample) that acts upon the light is described by a 4 × 4 element
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Mueller matrix M, as shown in (10.1),

⎡
⎢⎢⎣
S1
S2
S3
S4

⎤
⎥⎥⎦

out

=

⎡
⎢⎢⎣
M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44

⎤
⎥⎥⎦

⎡
⎢⎢⎣
S1
S2
S3
S4

⎤
⎥⎥⎦

in

. (10.1)

M is commonly reported after normalizing all its elements byM11. Formeasurements
of a STF consisting of aligned slanted nanocolumns, or a slanted columnar thin
film (SCTF), the off-diagonal block elements are zero when the columns align with
the ellipsometric plane of incidence (the so-called pseudo-isotropic orientations)
[30, 31].

Some or all of the Mueller matrix elements are measurable depending on the
ellipsometer’s instrumentation configuration. For example, a rotating compensator
ellipsometer allows the determination of the first three rows or columns of M,
depending on the location of the rotating compensator within the experimental setup,
while a dual rotating compensator ellipsometer can measure all the elements. Mea-
suring additional Mueller matrix elements allows for a more rigorous data analysis
[5, 36].

10.3.1.1 Anisotropic Bruggeman Effective Medium Approximation

Effective medium approximations (EMAs) are often used in ellipsometry data anal-
ysis schemes for modeling plane-parallel layers that have homogeneously mixed
components to determine the volume fractions of constituent materials. The com-
monly used Bruggeman EMA determines an effective dielectric function for an
isotropic mixed layer by rendering the polarizabilities of the constituent materials as
equivalent spherical inclusions within a host matrix [4]. For a STF with anisotropic
inclusions, the Bruggeman EMA can be modified by introducing depolarization fac-
tors LD

n, j ( j = a, b, c) along each of the three orthogonal, major optical polarizability
axes (a, b, and c) for the nth component, as pictured by Fig. 10.6. The depolarization
factors render the now anisotropic polarizability-describing inclusions as ellipsoidal
[22]. Thus, three effective dielectric function components, each averaged over the
respective polarizability axis, are determined. The anisotropic Bruggeman effective
medium approximation (AB-EMA) equations for m constituent materials are

m∑
n=1

fn = 1, (10.2)

m∑
n=1

fn
εn − εeff, j

εeff, j + LD
n, j (εn − εeff, j )

= 0, (10.3)
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(a)

(b)

(c)

Fig. 10.6 Effective medium scenarios with mixtures of ellipsoidal inclusions (general case) and
a homogeneous host matrix. The mixture with randomly oriented inclusions a exhibits an average
effective polarizability 〈Peff 〉 whereas the mixture with aligned inclusions b shows anisotropic
propertieswith three effective polarizability componentsPeff, j . Themajor polarizability axes system
rendering the biaxial nature of the film is depicted in c. Reproduced from [33]

where εeff, j is the effective dielectric function along the j th axis, εn is the bulk
dielectric function of the nth constituent material, and fn is the volume fraction of
the nth material [7, 11, 33, 34]. For the AB-EMA, one must know or assume the
complex index of refraction N (ε = N 2 = (n + ik)2) of the organic material.

10.3.1.2 Optically Determined Surface Parameters

The AB-EMA model yields the volume fraction for each constituent material, and
the thickness of the AB-EMA is equivalent to the thickness of the STF. The surface
mass density of organic adsorbate on the substrate surface ΓGE can be determined
by the following relationship:

ΓGE = ρads fadsdSTF, (10.4)

where ρads is the volume mass density of organic adsorbate, fads is the organic
adsorbate volume fraction parameter, and dSTF is the thickness of the STF. ΓGE is
a “pseudo” or effective property parameter because organic material is not actually
attaching to the substrate surface but rather to the surface of the nanostructures. The
surface mass density of organic adsorbate on the nanostructure surface Γ STF

GE follows
by considering the ratio of the STF surface area ASTF and the reference substrate
surface area Aflat under the STF, such that

Γ STF
GE = ΓGE

Aflat

ASTF
= ρads fadsdSTF

Aflat

ASTF
. (10.5)

Γ STF
GE is a real physical property, as it refers to the surface density of mass actually

attached onto the available surface of the nanostructures.
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10.3.2 Quartz Crystal Microbalance with Dissipation

QCM-D is introduced in more detail in Chap. 11. The quartz sensor is used as the
experimental substrate, and it is typically coated with a metal or oxide, e.g., Au, Ag,
Cr, Ni, SiO2, or Ti. Prior to the in-situ GE andQCM-Dmeasurements described here,
the STF is deposited by GLAD onto the coated quartz sensor. ALD, spin-coating, or
other optional chemical functionalization may then proceed.

10.3.2.1 The Sauerbrey Equation and Nanostructured Surfaces

We recall here the Sauerbrey equation from Chap.11,

ΓQCM = −C
δνNov

Nov
, (10.6)

whereΓQCM is the adsorbate surfacemass density, Nov is the harmonic overtone num-
ber, δνNov is the shift in frequency of a harmonic overtone, and C is 18ng/(cm2 Hz)
for a QCM-D sensor with a fundamental overtone frequency of 5MHz [23, 27].
Equation (10.6) applies to mechanically rigid (non-viscoelastic) experimental sys-
tems. STFs under vacuum or air ambient may be considered rigid. But under liquid
ambient, the effect of liquid molecules mechanically oscillating with, and thus load-
ing, the QCM-D sensor complicates the interpretation of data. How much liquid is
mechanically coupled to the STF? What is the distribution of mechanically coupled
liquid molecules in space? To what extent do adsorbate molecules affect the amount
or distribution of mechanically coupled liquid molecules? How does one describe
the mathematical relationships between (i.e., develop mechanical models for) dis-
placement, restoring, and friction forces associated with the oscillatory shear motion
of the 3D nanostructured substrate? These are fundamental questions that current
research is seeking to answer.

Newmodeling approaches for STFs also need to consider the effects ofmechanical
anisotropy. The QCM-D sensor oscillates along a single axis, and the mechanical
response under liquid ambient may be different if a SCTF is aligned parallel or
perpendicular with respect to this axis, for example.

Because the 3D surface topography of STFs affects ambient flow patterns during
motion of the substrate and the eigenresonances of the substrate’s motion may be
coupled to the eigenresonances of the STF nanostructures, new mathematical mod-
els are necessary for quantifying (or even basic interpretation of) QCM-D data. New
modeling approaches are particularly needed for the attachment of large, viscoelastic
molecules ormacromolecules such as polymers, proteins, or nanoparticles onto STFs
under liquid ambient. When air or vacuum is the ambient (negligible friction con-
tributions) and the adsorbate molecules are small and rigid (negligible viscoelastic
contributions), deviations from the linear Sauerbrey equation are less severe.

http://doi.org/10.1007/978-3-642-40128-2_11
http://doi.org/10.1007/978-3-642-40128-2_11
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10.3.2.2 Mechano-Acoustically Determined Surface Parameters

The effectivemechanically obtained surfacemass density parameterΓQCM is directly
obtained by (10.6). Like ΓGE, ΓQCM is calculated over the flat reference substrate
area. The mechanically obtained surface mass density parameter over the surface of
a nanostructure follows the form of (10.5), such that

Γ STF
QCM = ΓQCM

Aflat

ASTF
= −C

δνNov

Nov

Aflat

ASTF
. (10.7)

10.3.3 Additional Experimental Considerations

Rotating compensator-based GE and QCM-D allowmeasurement times on the order
of 1min and several ms, respectively; these periods must be smaller than the time
required for the bulk of organic attachment [25]. If instrumentation measurement
parameters are unstable with respect to time during the course of an experiment, error
is introduced. Such error is particularly relevant as the amount of organic attachment
decreases and the duration of attachment increases. Finally, one should consider the
effect of adjusting flow parameters during a QCM-D experiment, as variations in
pressure within the liquid cell can affect the quartz sensor’s mechanical response.

10.4 Review of Work in the Field

We now review and discuss work that has been recently accomplished in the field of
organic attachment to STFs. Examples include the monitoring of fibronectin protein
adsorption [26], the monitoring of decanethiol chemisorption [Rodenhausen et al.
unpublished work], and the detection of surfactant by GE in a transmission experi-
mental setup [Rice et al. unpublished work].

10.4.1 Fibronectin Protein Adsorption

The AB-EMA described in Sect. 10.3.1.1 was implemented by Rodenhausen et al. to
quantitatively determine the amount of fibronectin protein (FN) that adsorbed under
a liquid ambient onto a Ti SCTF grown on a Au-coated quartz sensor [26].

Ellipsometry data analysis requires the development of an optical model to yield
model-generated data. Relevant parameters of the optical model are varied during
a numerical regression-based best-matching procedure of experimental and model-
generated Mueller matrix element spectra. A stratified three-layer optical model was
used here. The Au-coated quartz substrate was described by a substrate model layer
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Fig. 10.7 Illustrations of constituent material fraction regimes. a represents a SCTF ( fSCTF) in air
( fvoid) ambient. b applies after liquid ( fliq) replaces air as the ambient, and fliq = fvoid. c and d
represent arrangements of material after an identical amount of analyte ( fads) adsorbs and displaces
liquid ambient, and fliq + fads = fvoid. Reproduced from [26]

and characterized prior to SCTF deposition. The SCTF with ambient, organic adsor-
bate, and Ti inclusions was described by an AB-EMA layer. An isotropic organic
layer was implemented on top of the AB-EMA layer. The two varied parameters dur-
ing experimental and model-generated data best-matching were the volume fraction
of organic adsorbate in the AB-EMA layer ( fads) and the thickness of the isotropic
organic layer to determine whether the model supported protein adsorbing within or
forming a separate layer on top of the SCTF, respectively. Figure10.7 shows how
fraction parameters represent sample volume spaces. The optical constants of ambi-
ent liquid solutions were measured by the minimum deviation technique [2], and the
complex index of refraction for FN was assumed to be 1.5.

The Ti SCTF was first characterized by GE measurement of Mueller matrix
element spectra at incremental sample orientations comprising an angle of incidence
and an in-plane azimuth angle. The sample was then placed in a liquid cell that
allowed simultaneous GE and QCM-D measurements [25]. Another GE measure-
ment was taken to account for window birefringence effects. The sample in-plane
azimuth angle was fixed at 90◦, such that the slanting plane of the columns (contain-
ing the STF c-axis) were oriented normal to the ellipsometry plane of incidence, and
the window arrangement of the cell allowed for a 65◦ angle of incidence.

Repeating in-situ GE and QCM-D measurements were taken of the sample in the
liquid cell while standard 1X (10mM Na2HPO4, 156mM NaCl, 2mM KH2PO4)
phosphate-buffered saline (PBS) at pH 7.4 was pumped through the liquid cell.
The only two parameters allowed to vary in the optical model were fads and the
thickness of the isotropic organic adsorbate layer. Throughout the experiment, a
constant flow rate of 0.1mL/min was maintained. During the pumping of blank
solution, experimental and model GE and QCM-D parameters were monitored for
stability to ensure that no unintended background processes were occurring that
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Fig. 10.8 Select
experimental Mueller matrix
element spectra from GE
measurements just before the
FN introduction (solid lines)
at t = 145min and after FN
adsorption and the PBS rinse
(dotted lines) at t = 220min.
Reproduced from [26]

might interfere with the interpretation of results. Once the parameters were deemed
sufficiently constant with respect to time (t = 147min), the inlet fluid reservoir was
switched to a solution of 10µg/mL FN prepared in 1X PBS. After 35min, the inlet
reservoir was switched back to the PBS-only solution to rinse passively adsorbed and
freely floating FN. GE and QCM-D measurements continued to be taken throughout
the adsorption and rinsing processes. The optical constants of the ambient material
in the optical model were exchanged between PBS-only solution and FN solution to
reflect which ambient was currently flowing into the liquid cell.

The deviations in M measured by GE due to FN uptake (Fig. 10.8) were com-
pletely accounted for by the optical model with an increase in fads; the thickness
of the isotropic organic adsorbate layer remained negligible, which implied FN
adsorbed within the STF (Fig. 10.9). ΓGE and ΓQCM were determined by (10.4) and
(10.6), respectively. Figure10.10 displays these parameters during the FN adsorp-
tion and rinsing processes. ΓGE and ΓQCM show striking similarity. As explained in
Sect. 10.3.2.1, whether the Sauerbrey equation accurately describes protein adsorp-
tion on a STF under liquid ambient is an open question.

Rodenhausen et al. also used cross-sectional scanning electronmicroscopy (SEM)
images to estimate the ratio of ASTF to Aflat, whichwas 4.2.Given an ellipsometrically
determined surfacemass density of 2mg/m2 for FNon flat Ti [12, 14], the researchers
assumed uniform coverage of a nanostructure, such that Γ STF

GE = 2mg/m2. From
(10.5), the value of ΓGE = 8.4mg/m2 was estimated for FN on the Ti SCTF.
Figure10.10 shows peak values ofΓGE = 14.3mg/m2 andΓQCM = 14.1mg/m2. The
experimental surface mass densities may be larger because the estimation does not
consider the surface roughness caused by the GLAD process.
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Fig. 10.9 Model-generated (lines) and reduced experimental (symbols) Mueller matrix element
spectra after FN adsorption and the PBS rinse at t = 220min. Elements M21, M31, and M32 are
omitted due to significant overlap with elements M12, M13, and M23, respectively. The thickness
of the isotropic adsorbate layer was negligible. Thus, the only model parameter to account for the
modulations of the Mueller matrix element spectra was fads. Reproduced from [26]

Fig. 10.10 Fibronectin
adsorption and rinsing
processes. fads on the right
axis and (10.4) yield ΓGE on
the left axis. ΓGE shows
strong qualitative and
quantitative agreement with
ΓQCM, which was calculated
via (10.6). Reproduced from
[26]

10.4.2 Decanethiol Chemisorption

ATi SCTF coated with Pt via ALDwas subsequently chemically functionalized with
decanethiol by Rodenhausen et al. to demonstrate the in-situ monitoring of organic
chemisorption onto ALD-coated STFs [Rodenhausen et al. unpublishedwork]. Thiol
groups have been used to bind chemical sensor ligands to noble metals, particularly
Au [39]. ALD allows the controlled growth of a desired noble metal coating onto
a STF made of less expensive material. Although disseminated protocols for ALD
deposition of more commonly used Au are not yet available, Pt is an available ALD
material. Surface-enhanced birefringence is the approach used here for this first study
of organic chemisorption onto an ALD-coated STF.
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Fig. 10.11 Mueller matrix element data at λ = 633nm measured during chemisorption of
decanethiol onto a Pt-coated Ti SCTF. Decanethiol is introduced at t = 30min, pumping is stopped
at t = 100min, and pumping resumes with an ethanol rinse at t = 950min

A70nmTi SCTFwas deposited on aAu-coatedQCM-Dsensor. Then, a Pt layer to
conformably coat the STF was added via ALD. Ethanol was pumped through the liq-
uid cell at a rate of 0.1ml/min. The signal stability was monitored for approximately
30min. Because the oxidation of Pt prevents thiol chemisorption [21], the time the
sample was exposed to oxidative environments (e.g., air and ethanol) was minimized
after ALD and prior to the introduction of decanethiol solution. At approximately
t = 30min, the solution was switched to a 2mM decanethiol ethanolic solution.
Mueller matrix spectra in Fig. 10.11 were acquired approximately once aminute dur-
ing the first 100min of the experiment and during a final ethanol rinse step beginning
at approximately t = 950min. Between t = 100min and t = 950min, liquid flow
was stopped, and an optical measurement was taken once every 10min. QCM-D data
were acquired throughout the optical measurements. The off-diagonal blockMueller
matrix elements, which are most sensitive to anisotropy, were used as experimental
data for GE data analysis.

A stratified two-layer optical model (similar to that used in Sect. 10.4.1) was used
that comprised a Au substrate and a four-component AB-EMA layer. In similar
fashion to Sect. 10.4.1, the thickness parameter of an isotropic adsorbate layer on top
of the AB-EMA layer was found to converge to zero. The four AB-EMA components
were Ti, Pt, ethanol, and decanethiol. The only parameter varied during data analysis
was fads. Because decanethiol is a liquid at standard conditions, its index of refraction
and density are known to be 1.458 and 0.824g/mL, respectively.

ΓGE was determined by applying fads and (10.4). The two parameters are shown
in Fig. 10.12.Most of the QCM-D response to chemisorption is lost in a baseline drift
(not shown). Error from baseline drifts in M elements and δν was made especially
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Fig. 10.12 Decanethiol
chemisorption process as
monitored by GE. fads on the
right axis and (10.4) yield
ΓGE on the left axis

apparent due to the small quantity of chemisorption over a long measurement, nearly
1000min.

Contact angle measurements of deionized water were made on the SCTF before
and after decanethiol chemisorption. The contact angles were 56◦ and 98◦, respec-
tively. The contact angle of 98◦ seems to follow the trend for alkanethiol self-
assembled monolayers (SAM) on flat Pt reported in the literature [21]. However,
the ability to evaluate the presence or quality of adsorbate on a STF via contact angle
measurement is yet to be determined.

10.4.3 Surface-Enhanced Birefringence Chromatography

The surface-enhanced birefringence change upon organic adsorbate attachment can
also be detected in a straight-through transmission setup. This concept may lead to
applications such as microarrays for detection and chromatography and be applied in
conjunction with the ubiquitously referenced “lab-on-a-chip” concept. Additionally,
such an experimental setup that provides two-dimensional (2D) spatial mapping
would also allow direct side-by-side comparison of STF-coated and flat surfaces
[Rice et al. unpublished work].

Rice et al. developed a transmission liquid cell for use with optical measurements.
A Ti SCTF was deposited by GLAD onto the interior of one liquid cell window.
Cetyltrimethylammonium bromide (CTAB), a cationic surfactant with a hydrophilic
ammonium salt “head” group and a hydrophobic hydrocarbon “tail,” was used as
the organic analyte. At sufficient concentration, surfactants such as CTABmay form
micelles, spherical arrangements of individual molecules that are ordered such that
the tails are shielded in the interior from water. The critical micelle concentration
of CTAB is approximately 1mM in water. A 2.5mM aqueous solution of CTAB
in aqueous solution with no additives was pumped through the liquid cell, and the
adsorption process was monitored with GE.
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Fig. 10.13 Transmission GE
data for CTAB adsorption on
Ti SCTF. The top graph
shows experimental (dotted
line) and model-generated
(solid line) transmission GE
data for normalized Mueller
matrix element M24. The
bottom graph shows the
CTAB volume fraction
fCTAB of the SCTF layer and
the thickness parameter
dCTAB

TheGE results for CTAB adsorption are shown in Fig. 10.13. OnlyMueller matrix
element M24 was used in this preliminary data analysis because of its high sensitivity
to organic adsorption and low drift prior to CTAB exposure relative to the other
elements. Experimental andmodel-generated data forM24 are shown in the top graph
of Fig. 10.13. The CTAB volume fraction fCTAB of the SCTF layer and the average
thickness parameter dCTAB are shown in the bottom graph of Fig. 10.13. dCTAB is
calculated from fCTAB using geometry calculations and the dimensions of the SCTF.
In similar fashion to the parameterΓ STF

GE , dCTAB is a real parameter calculated over the
surface of a given nanostructure. The length of a CTAB molecule is approximately
2.2nm. The peak value of dCTAB is nearly 4nm implying that more than a monolayer-
amount of CTAB adsorbed, perhaps a bilayer with defects or an undulated layer of
micelles.

An intensity-based transmission optical measurement is also possible. The
measurement principle here is that formation of a thin film (<10nm) of adsorbate
measured in transmission yields very small intensity changes due to reflection or
absorption; on the other hand, if adsorption causes a change in birefringence, a
stronger signal may be measured. A pair of crossed polarizers, with the liquid cell
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between them, allows all source light to be blocked before reaching a charge-coupled
device (CCD) array detector. Because the SCTF layers affect the polarization state of
light between the crossed polarizers, the azimuth angle difference between the polar-
izers is not necessarily 90◦. Upon the introduction of liquid solution with dissolved
organic analyte, the subsequent adsorption of organicmaterial onto the SCTFsmodu-
lates the polarization state of light transmitted through the sample and into the second
polarizer. Thus, organic adsorption causes light to transmit through the second polar-
izer. The light intensity is then detected and mapped in two dimensions by the CCD.
Measurements after organic adsorption onto windows with SCTF-coated areas and
flat areas (for control of the measurement principle) thus provide a proof-of-concept
test for optically detecting adsorbate material via birefringence modulation.

It is important to note that because the polarizers are not crossed exactly at 90◦,
some light will transmit through any flat area of the liquid cell, regardless of the
presence of liquid ambient or organic adsorbate. In terms ofMueller matrix elements,
the off-diagonal elements are zero for the flat control surface because adsorption of
a small organic layer on a flat surface does not cause birefringence; the only Mueller
matrix element sensitive to changes of the flat control surface is M11.

In the experimental work shown here, the interior of one glass windowwas coated
with a Ti SCTF. The SCTF over part of thewindowwasmechanically removed. Thus,
the probing light passed simultaneously through a flat control area and a SCTF-
coated area; these areas were differentiated by the CCD and allowed side-by-side
comparison. Following 30min of CTAB exposure, the inlet solution was changed to
water to allow rinsing. This cycle was repeated multiple times. 0.1mM, 1mM, and
2.5mM CTAB aqueous solutions were used.

Fig. 10.14 Transmission data through flat glass and flat glass coated with a Ti STF. The STF allows
sensitivity to adsorption of CTAB from 2.5mM, 0.1mM, and 1mM aqueous solutions. The peak
surface mass density parameter is inferred from the preceding GE measurement
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Figure10.14 shows changes of measured cross-polarized transmission over two
areas of the liquid cell. The peak Γ STF value is inferred from the peak dGE value of
the preceding GEmeasurement and an assumed organic volume mass density ρads =
1g/mL. The attachment of CTAB only affects the signal of the control very slightly
due to light additionally reflected off the organic ultra-thin layer now attached to the
glass. This study demonstrates that with STF surfaces and the capability to measure
birefringence, onemay detect similar amounts of organic adsorbate. These quantities
of adsorbate cannot be detected or require much higher instrumental precision to be
detected if they attach to a flat surface.

10.5 Conclusion

The STF provides an advantageous surface for detecting organic materials because
it has a larger surface area for attachment and allows the measurement of optical
birefringence modulation. STFs can be made from virtually any material by GLAD
and may be functionalized by ALD or chemisorption processes to study various
experimental systems. By growing a STF on a quartz crystal sensor, the material may
be studied simultaneously by optical, specifically GE, and QCM-D measurements.
Recent and ongoing work in this field was reviewed and ultimately points to an
expansive future yet to be explored.
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Chapter 11
Polarizing Natural Nanostructures

Kenneth Järrendahl and Hans Arwin

Abstract The first part of this chapter gives a brief description of the polarizing
environment we are living in and the possibilities for some animals to detect this
polarization. This is followed by a presentation of how animals and plants generate
polarized light, usually through reflection from micro- and nanostructures. Special
attention ismade to scarab beetles reflecting light with a high degree of circular polar-
ization. The use of Mueller matrix spectroscopic ellipsometry to obtain optical and
structural properties of the beetle cuticle are demonstrated. Finally some comments
on the biological aspects of polarization are made.

11.1 Introduction

Polarized light is common in the realm of nature [1–3]. Scattered and reflected light
from the sky is linearly polarized to different extent depending on sun elevation
and the observed scattering angle. Underwater light is polarized in a similar manner.
Another well-known phenomenon is the polarization of light after reflection onwater
and other horizontal surfaces, predominantly near the Brewster angle. Other types of
polarizing surfaces based on layered structures are found on various species among
the insects, birds and fishes. The naturally polarized light is dominantly linear but
elliptical and circularly polarized light can also be observed [2, 3].

The human eye is, in principle, polarization blind but many living species have
polarization vision and use this ability for navigation and possibly also for commu-
nication. It is clear that polarization effects play a role in survival on both land and
in water.
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Even if naturally polarized light is abundant and various research studies have
been conducted there is a need to learn much more. Biologists continuously develop
a comprehensive understanding about how polarization affects animal behaviour
and physicists provide descriptions of relations between natural structures and their
optical properties. Electron microscopy studies illustrating biological nanostructures
are frequently found as well as polarized and unpolarized reflectance studies. Most
of these investigations have only provided qualitative information in parallel with
computer simulations to verify the observations. However, during the last ten years,
opticalmethodology has developed to a great extent and today quantitative studies are
possible. These studies are motivated from pure biological reasons but an increasing
interest is also found in the area of biomimetics including efforts to fabricate similar
structures for technical applications. The main objective of this chapter is to briefly
review polarizing natural nanostructures and report on the rather few studies with
polarimetry and ellipsometry that have been conducted.

After some definitions we give a description of the polarizing environment in
nature. The ability of some animals to detect polarization is then addressed. This is
followed by a presentation of how animals polarize light, usually through reflection
frommicro- and nanostructures. Special attention is made to scarab beetles reflecting
light with a high degree of circular polarization. Finally we conclude with some
comments on the biological aspects of polarization and potential applications.

11.2 Theoretical Details and Definitions

In this chapter Stokes column matrices S = (
I Q U V

)T
and Mueller matrices

M = [mi j ]4x4 will be considered to be normalized (I = 1 andm11 = 1). The degree

of polarization P =
√
P2
L + P2

C , the degree of linear polarization PL and the degree
of circular polarization PC will then be

P =
√
Q2 +U 2 + V 2 =

√
m2

21 + m2
31 + m2

41, (0 ≤ P ≤ 1) (11.1)

PL =
√
Q2 + V 2 =

√
m2

21 + m2
31, (0 ≤ PL ≤ 1) (11.2)

PC = V = m41, (−1 ≤ PC ≤ 1) (11.3)

The rightmost expressions in (11.1)–(11.3) are described in terms of the Mueller
matrix elements of an interacting material and are true if the incident light is unpo-

larized, i.e. Sin = (
1 0 0 0

)T
. The sign of PC is determined by the handedness of

the light with +(-) corresponding to right- (left-) handed polarization. It can also be
noted that the ellipticity angle ε and azimuth angle φ of the polarization ellipse can
be written [4]
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ε = 1

2
arcsin

(
V

√
Q2 +U 2 + V 2

)

(11.4)

φ = 1

2
arctan

(
U

Q

)
(11.5)

11.3 The Polarizing Environment

The most important sources of natural polarized light are presented in this section.
We can conclude that polarized light is common in nature and that it is predominantly
linear.

Skylight polarizationOne of themain causes of polarized light in nature is scattering
of sunlight (and moonlight) in the atmosphere. The solar radiation can generally be
treated as unpolarized before it enters the atmosphere and interacts with scattering
particles (gases, aerosols, water, ice crystals etc.). The scattering process is rather
complex but can, as a first approximation, be treated as Rayleigh scattering assuming
that the wavelength of the light is much larger than the size of the scattering particles
[1–3].

The principal plane defined by the sun, a scatterer and the observer is presented
in Fig. 11.1. The light from the scatterer will be a mixture of unpolarized light and
linearly polarized light normal to the principal plane (s-polarized). Thus, the degree
of polarization will only have a linear contribution (P = PL) and can be shown [5]
to approximately follow the function

PL = 1 − cos2 (Θ)

1 + cos2 (Θ)
= 1 − (

n̂sc · n̂su
)2

1 + (
n̂sc · n̂su

)2 (11.6)

Here Θ = θsc − θsu is the scattering angle defined by the elevation angles to the
scatterer θsc and the sun θsu. A maximum of PL = 1 occurs whenΘ = 90◦. In reality
PL will be lower due to factors not included in this approximation. The polarization
outside the principal plane can be understood from the rightmost expression in (11.6)
with the unit vectors n̂sc pointing from the observer to the scatterer and n̂su pointing
from observer to the sun. Accordingly, PL will be the same in all directions where
n̂sc · n̂su is the same.

In some environments, e.g. tropical rain forests, the skylight is strongly reduced.
The polarization pattern can still be visible underneath the forest canopy but the
degree of polarization will be lower and thus, celestial navigation becomes harder.
However, polarization caused by surfaces from vegetation and water then becomes
more important and sensing of surface orientation and functions of camouflage may
be improved. For many animals polarization vision can therefore be very useful even
when brightness is insufficient [6]. Otherwise, very little is known about polarization
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Fig. 11.1 The principal plane defined by the sun, a scatterer and the observer

of vegetation and its role in nature. Only a few reports are found. Voshchula et al.
[7] reports, for example, that linearly polarized light incident on leafs from Begonia
becomes elliptically polarized upon reflection. The effect on colour perception in
insects caused by polarization in light reflected from plants has also been studied but
it was found that the effect was very small under natural conditions [8].

Further studies of the sky polarization will reveal more details, for instance on
rainbow and cloud phenomena [1, 3] as well as on the four neutral points where
PL = 0 [2].

Polarizing surfaces A well-known source of polarized light is reflection from sur-
faces. Fresnel’s equations give the reflectance normal to (s) and parallel with (p) the
plane of incidence according to

Rs = sin2 (θi − θt )

sin2 (θi + θt )
and Rp = tan2 (θi − θt )

tan2 (θi + θt )
(11.7)

where θi is the angle of incidence and θt the angle of refraction. Since the s-reflectance
exceeds the p-reflectance for all incident angles, the reflected light will be a mix-
ture of unpolarized light and predominately linearly polarized light normal to the
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plane of incidence (s-polarized). With incident unpolarized light the degree of linear
polarization of the reflected light (PL = P) will be [9]

PL = cos2 (θi − θt ) − cos2 (θi + θt )

cos2 (θi − θt ) − cos2 (θi + θt )
. (11.8)

For an air-dielectric interface Rp = 0 and PL = 1 when θi + θt = 90◦. This is the
well-known Brewster’s angle (θi ≡ θB)which is about 53◦ for an air/water interface.

Underwater polarization The main sources for underwater light are direct sunlight
and scattered skylight that reaches an underwater observer through the circular Snell
window (having an aperture angle of about 97.5◦) as defined by the refraction and
total reflection at the water/air surface. Except for elliptically polarized light found
near the surface close to the window border, the underwater light will be a mixture
of unpolarized light and linearly polarized light. The polarization pattern below
the surface of the Snell window can be determined with the same Rayleigh single
scattering approximation used in the skylight case. Therefore, (11.6) can be used to
estimate the degree of linear polarization also in this case. Here, the reduction of
the theoretical PL values will also depend on the depth [10]. Many other aspects of
underwater are addressed by Waterman [11, 12] and others [2, 10].

11.4 Polarization Sensitivity and Vision of Animals

The visual systems of many animals are polarization-sensitive [2, 3]. This includes
species among the arthropods, chordates and molluscs. In this section we will give
some examples from each of these three phyla.

Some animals have an indirect polarization-sensitive vision. They cannot perceive
polarization but the photoreceptor response depends on polarization. This type of
vision is analogous to a camera with a polarizing filter and may cause false colours.
In a more advanced polarization-sensitive vision, the polarization is recognized as a
specific property of light similar to wavelength and irradiance. This type of vision
could be considered to be an imaging polarimeter. Most studies of polarization-
sensitive vision in animals have been focused on possibilities to detect direction
and degree of linear polarization in addition to the total irradiance, i.e. the three
first Stokes parameters I , Q and U . Some animals have only a single polarization-
sensitive receptor and thus they have to make at least three successive measurements
by rotation of the eye, head or body. Other animals have several different types of
receptors and can make a simultaneous detection of the direction of polarization and
thus perform simultaneous polarimetry.

Arthropods Animals in the phylum Arthropoda are invertebrate animals and have
exoskeletons. The examples beloware from the class Insecta belonging to this phylum
or from the subphylum Crustacea.
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The honeybee Apis Mellifera have compound eyes consisting of many simple eyes
called ommatidia [2]. They can detect linear polarization which they use for navi-
gation. They can also communicate direction to food by performing a tail-wagging
dance. It has been found, however, that the compound eyes do not serve as polarizers
as they are isotropic for on-axis illumination. Instead the polarization sensitivity is
located in the photoreceptors which are shaped as narrow tubes calledmicrovilli. The
membranes of the microvilli contain the pigment molecule rhodopsin. The microvil-
lar photoreceptors are dichroic and thus polarization sensitive. This is partly caused
by form dichroism due to the tubular arrangement leading to a dichroic ratio of
up to two but the major effect is due to alignment of the dipoles of the rhodopsin
molecules. In vertebrates on the other hand, rhodopsin undergo rotational and trans-
lational diffusion which rapidly randomize dichroism. Honeybees have three types
of photoreceptors but instead of red, green and blue as in the human eye, they have
receptors for green, blue and ultraviolet. Too much polarization sensitivity would
affect colour vision and thus mainly the ultraviolet receptors are polarization sensi-
tive and furthermore only those ommatidia directed upwards, i.e. towards the sky,
have this property and is used for navigation [2].

Some insects are associated with water and in contrast to honeybees these insects
often have enhanced polarization sensitivity downwards. The objective is to resolve
water surfaces which in generally has a large horizontal component in the reflected
light, especially close to Brewster’s angle. For this purpose, the backswimmer
Notonecta glauca has an orthogonal arrangement of microvilli with horizontal and
vertical sensitivity [13]. With these two detector systems, providing the horizontal
and vertical irradiances, Sh and Sv , respectively, unpolarized light and linearly polar-
izedwith azimuthφ ± 45◦ cannot be distinguished.However, Sh and Sv are compared
by the insect and if Sh < Sv it holds that 45◦ < φ < 135◦ whereas Sh > Sv corre-
sponds to −45◦ < φ < 45◦. The latter would then be recognized as light reflected
from a water surface by the backswimmer when flying above a water surface. The
photoreceptors are tuned to the UV spectral region as here the water surfaces differs
more from the surroundings compared to the visible range and they also have larger
polarization contrast. The backswimmer can also hang upside down under the water
surface in its resting position but it is not known if the polarization on the ventral
side (now pointing upwards) is used for orientation.

Several species of scarab beetles have been found to have polarization sensitivity
based on orthogonal microvilli [2] and they use it mainly for navigation. There are
even beetles, like Scarabaeus zambesianuswhich uses polarization of themoonlit sky
for orientation [14]. Later in this chapter near-circular polarization effects in scarab
cuticles will be addressed. It is debated whether beetles really can detect this polar-
ization but it has been reported that Chrysina gloriosa has a phototactic response for
circularly polarized light and behaved differently depending on polarization [15, 16].

In the subphylum Crustacea, all species have polarization vision and can sense
linear polarization [17]. It has been reported that some stomatopods e.g. the mantis
shrimp Gonodactylus smithii can detect circular polarization [17].
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Chordates It has been shown that many fish species, e.g. carps [18], besides cones
sensitive to blue, green and red light also have ultraviolet sensitive cones in the retina.
Furthermore, these ultraviolet cones respond best to vertical polarization whereas the
red and green cones respond more to horizontal polarization. The blue cones have
very low polarization sensitivity. Several mechanisms for the polarization sensitivity
are proposed, e.g. for anchovies it has been suggested that the light passes dichroic
filters before being absorbed in the different cones [2]. Some suggestion of the use
of polarization vision in fish are navigation during migration, location of plankton,
some of which are birefringent and more generally to identify predators, pray and
mates [18].

Molluscs The subclass Coleoidea belonging to this phylum including octopuses,
squids and cuttlefish have in general excellent good vision and other senses. Their
single-lens eyes are similar to those of humans but cephalopods are often colour-
blind and have maximum sensitivity to wavelengths near 490nm. However, it has
been shown that cephalopods have polarization vision [19] and can be trained by food
reward todiscriminate betweenvertical andhorizontal polarizations.Thepolarization
detection in cephalopods is done in the retina. In Octopus vulgaris as an example,
the retina has orthogonally close-packed microvilli coupled to pigments providing
polarization sensitivity.

11.5 Polarization by Animals

In this section we will give some examples on polarized light originating from ani-
mals. As described in Sect. 11.3, scattering and reflection can generate polarized light
which in most cases is linearly polarized. This is in principle also true for animal
skin or exoskeleton surfaces.Wewill also discuss the interesting cases where animals
generate or reflect light with high degree of circular polarization.

ArthropodsAmong the insects there are several interesting polarization phenomena.
Very few animals produce light but the larvae from the fireflies Photuris lucicrescens
and Photuris versicolor have two light-emitting lanterns. Measurements of the lumi-
nescence in terms of the left- (right-) handed polarized irradiance IL (IR), showed that
the equation 2 (IL − IR) / (IL + IR) = 2 · PC have opposite signs for the lanterns.
That is, the two lanterns emit polarized light with opposite handedness [20].

Cuticles from many beetles often polarize light due to differences in p- and s-
reflectance resulting in a linearly polarized reflection. This can be exemplified with
Mueller-matrix data measured on Coptomia laevis which at an angle of incidence of
45◦ has PC = m41 close to zero, i.e. no circular polarization capability, but PL around
0.8 in the spectral range 300 to 900nm [21]. The rather high PL values are often
attributed to multilayer reflector structures in the cuticle [22, 23]. Even beetles which
have pronounced light scattering, may exhibit highly polarized specular reflection.
One example is Cyphochilus insulanus [24]. Brink et al. made some early studies of
directionality, polarization and colour of several moths and butterflies [25]. They also
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used null ellipsometry to determine the refractive index of the scale material in the
moth Trichoplusia orichalcea [26]. More recently Brink et al. addressed circular-
polarization effects in beetles [27]. Near-circularly polarizing scarab beetles have
generated much attention and will be presented in more detail in the next section.

Species of stomatopod crustaceans, also called mantis shrimps, have reflectors
that polarize light on their bodies. Two types have been identified and are referred
to as red and blue polarization reflectors [28]. The red polarization reflectors are
found to be multi-layered structures whereas the blue reflectors contain oval-shaped
vesicles scattering the light. Both types of reflectors have a high degree of polariza-
tion which is 60–80% in the spectral range 450–550nm for the shrimp Hemisquilla
californiensis [28].

Molluscs The cuttlefish Sepia officinalis exhibit horizontally polarized patterns on
the arms and around the eyes [19, 29]. The polarization pattern as well as iridescence
is caused by diffraction effects in pigment cells, so called iridophores, containing
stacked plates of guanine. The cuttlefish can control the pattern with responses times
less than a second. The pattern disappears when camouflaged on the sea bottom as
well as during copulation, egg laying and a few other situations.

In some squids, like Loligo vulgaris, the largest reflection of iridophores is found
in the blue and ultraviolet spectral rangewith almost 100%degree of polarization [29,
30]. Brink et al. [31, 32] have investigated structural colouration in small spots on
the outer surfaces of seashells. InHelicon pruinosus [31], a tilted quarter-wave stack
is responsible for the iridescence phenomena and the microstructures, composed of
aragonite, also exhibit polarization effects. The seashell Patella granatina was also
investigated and determination of the refractive index of the aragonite containing
multilayer stack material was addressed with null ellipsometry [32].

11.6 Polarized Light in Reflections from Beetles

In this section we will focus on one of the most interesting polarization effects in
nature; beetles which reflect polarized light with a high degree of circular polar-
ization. After a short historical review we will describe ellipsometry studies with
emphasis on Mueller matrix spectroscopic ellipsometry (MMSE).

Background The polarizing effect found for some beetles is demonstrated in
Fig. 11.2. In this basic experiment a collection of beetles are observed through a
left-circular polarizer or right-circular polarizer.

The dark appearance of the beetles in Fig. 11.2b shows that the reflected light
is to a high extent left-circular. A more careful study reveals that for some wave-
length regions and incident angles also right-circular light is reflected. These near-
circular polarization effects are otherwise rare in nature but have been found for
some beetle species but only in the superfamily Scarabaeoidea. From screening
projects [34, 35] and by adopting current taxonomy [36–38], this can be narrowed
down to the subfamily Ceratocanthinae in the family Hybosoridae, as well as the
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Fig. 11.2 Images ofChrysina peruviana,Chrysinamacropus andChrysophora chrysochlora taken
through a a left-polarizing filter and b a right-polarizing filter. Modified from [33]

subfamilies Cetoniinae, Dynastinae, Melolonthinae, Phaenomeridinae, Rutelinae
and Scarabaeinae in the family Scarabaeidae. However, the beetle taxonomy is con-
tinuously evolving, especially after the introduction of molecular phylogenetics, and
may change this division in the near future [37, 38]. As a consequence many names
are erroneous in previous publications. In this section, the original names from the
cited publications are kept but with the present name in parenthesis. Further details
can be found in Table11.1. In terms of different species showing circular polariza-
tion effects, the number is close to a thousand [35] but it should be noted that the
total number of beetle species is enormous and that most of them have not been
investigated or even been discovered yet.

In several works around a century ago the lustrous colours in some butterflies and
beetles were examined and discussed [39–43]. In his work from 1911 Michelson
[40] reported that the Rutelinae beetle Plusiotis (Chrysina) resplendens reflected
light which was “circularly polarized even at normal incidence…”. This effect was
reported to be greatest in the blue wavelength region. He also mentioned that “…to-
wards the red end of the spectrum traces of circular polarization in the opposite sense
appear” and made the conclusion that the observations must “…be due to a ‘screw
structure’ of ultramicroscopic, probably molecular dimensions”. Later Gaubert [44]
found similar phenomena in the reflection of two other Rutelinae beetles, Anomala
aenea (dubia) and Chrysina amoena (peruviana), and made comparisons with the
optical properties of liquid crystal salts of cholesterol. He also connected the observed
polarization properties to lamellar structures of chitin. Mathieu and Farragi [45]
investigated several species from the Rutelinae subfamily but also from the Cetoni-
inae subfamily with special focus on Calchothea affinis and Potosia (Proatetia)
speciossima.

After this, the polarization studies of beetles where on hiatus for about thirty
years until Robinson [34] used polarizers for ocular observations of Anoplognathus
chloropyros (chlorpyrifos), Cetonia aurata, Plusiotis (Chrysina) resplendens and
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Table 11.1 A selection of optically studied scarab beetles

Cetoniinae species Author, year Studied in References

Calchothea affinis van Vollenhoven, 1858 [45]

Cetonia aurata Linneus, 1761 [21, 34, 45, 46, 56, 61, 65,
66, 70–72, 75–77]

Cotonis mutabilis Gory and Percheron 1833 [45, 67, 68, 73, 75–77]

Ischiopsopha jamesi Waterhouse, 1876 [46]

Ischiopsopha bifasciata Quoy and Gaimard, 1824 [60]

Protatetia cuprea Fabricius, 1775 [75]

Protatetia speciossima Scopoli, 1786 [45, 46]

Pyronota festiva Fabricius, 1775 [57]

Rutelinae species Author, year Studied in References

Anomala dubia Scopoli, 1763 [44]

Anoplognathus aureus Waterhouse, 1889 [21, 75, 77]

Anoplognathus chlorpyrifos Drapiez, 1819 [34]

Anoplognathus parvulus Waterhouse, 1873 [52, 63]

Anoplognathus viridiaeneus Donovan, 1805 [46]

Calloodes grayanus White, 1845 [52, 63]

Chrysina adelaida Hope, 1840 [62, 82]

Chrysina argenteola Bates, 1888 [21, 33, 61, 70, 71, 75–77, 81]

Chrysina chrysargyrea Sallé, 1874 [33, 81]

Chrysina clypealis Rothschild and Jordan 1894 [62]

Chrysina gloriosa LeConte, 1854 [33, 49, 62, 74, 75, 80, 81]

Chrysina macropus Francillon, 1795 [33, 81]

Chrysina optima Bates, 1888 [49]

Chrysina peruviana Kirby, 1828 [33, 44, 81]

Chrysina resplendens Boucard, 1875 [33, 34, 40, 49, 62, 63, 81]

Chrysophora woodi Horn, 1885 [60, 81]

Chrysophora chrysochlora Latreille, 1811 [60]

Scarabaeinae species Author, year Studied in References

Phanaeus imperator Chevrolat, 1844 [34]

Scarabaeus festivus Harold, 1868 [46]

Phanaeus imperator. The paper includes a survey conducted at the British museum
identifying most of the subfamilies containing circularly polarizing beetles.

Neville and Caveney [46] examined more than 20 species including Anoplog-
nathus viridiaeneus, Lomaptera (Ischiopsopha) jamesi, Phanaeus (Scarabaeus)
festivus and Potosia (Proatetia) speciossima and made further comparisons with
cholesteric crystals. They extended the previous information by presenting optical
rotation as a function of wavelength and by showing electron microscopy images of
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Fig. 11.3 A schematic view of the scarab beetle cuticle structure. a A half turn of the helicoidal
structure. b An oblique cut through the structure showing the Bouligand arcs. From [58]

cross-sections of the cuticle structure but incorrectly concluded that the detection of
right-handed polarization was a mistake in previous reports.

Studies during the last 40years have further expanded the knowledge of the cuticle
structure [47–53], the surface structure [54–56] and optical properties [35, 46, 49,
52, 56, 57] of scarab beetles. Many of these efforts were summarized in excellent
reviews by Leanu and Barfoed [58], Bouligand [59] and Seago et al. [23].

A common conclusion is that the structure in the cuticles of these beetles is a
helicoidal arrangement of birefringent chitin layers [58]. A schematic view of the
chitin layers twisted one turn is presented in Fig. 11.3a. Figure11.3b shows an oblique
cut through the layer structure and how it reveals the typical arcs defined byBouligand
[47, 50]. The scanning electron microscopy (SEM) image in Fig. 11.4 shows an
oblique cross-sectional cut through the exocuticle of Chrysina resplendens. The
image show parts of two helicoidal structures (h1, h2) separated by a non-helicoidal
layer (u). Bouligand arcs are seen in the helicoidal layers.

Ellipsometry Studies of Scarab Beetles – a Review Some pioneering work on
using spectroscopic ellipsometry to study the polarization properties of light reflected
from scarab beetles were performed by Lowrey et al. [60]. They used a spectral
ellipsometer set-up to obtain the polarization state of Chrysophora chrysochlora and
Chrysinawoodi from theRutelinae subfamily aswell as Ischiopsophabifasciata from
the Cetoniinae subfamily. Themeasurement data were compared with amodel where
the helicoidal period was chirped with the shortest pitch near the cuticle/ambient
surface.

A better understanding of the complex anisotropic structures in beetle cuticle as
well as depolarizing properties requires more advanced techniques. Mueller-matrix
ellipsometry is then the natural choice as it provides a complete description of spec-
ular reflection of a sample. Besides our own early efforts [21, 33, 61] two other
groups initiated measurements using Mueller-matrix spectroscopic ellipsometry.
Goldstein [62] used a dual-rotating-retarder reflectometer to record Mueller matri-
ces on four Plusiotis (Chrysina) beetles, C. adelaida, C. clypealis, C. gloriosa and
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Fig. 11.4 SEM image
showing an oblique
cross-sectional cut through
the exocuticle of Chrysina
resplendens. From [49]

C. resplendens, at normal incidence in the spectral range 400–700nm. From m41

being non-zero and negative it was concluded that theses beetles reflected left-handed
circularly polarized light, whichmore correctly should be phrased left-handed ellipti-
cally polarized light. In addition C. resplendens exhibitedm41 > 0, i.e. right-handed
polarization in some parts of the spectrum supporting Michelson observations. The
previous studies [57, 60] in the group of Hodgkinson were followed up by employ-
ing a low-cost near-normal incidence Mueller-matrix ellipsometer [63]. The full
Mueller matrix of four scarab beetles in the spectral range 400–900nmwas recorded.
The Cetoniinae beetle Stephanorrhina guttata, did not show chirality whereas the
Rutelinae beetles Anoplognathus parvulus and Calloodes grayanus showed left-
handed polarization with a high ellipticity (ε near −40◦) as well as high degree of
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polarization. In addition, C. resplendens showed right-handed polarization but with
lower values of the ellipticity angle and degree of polarization.

In our own studies [21, 33, 61, 64–81] we have access to instrumentation with
several important features providing excellent data for understanding of the optical
response from beetle cuticles. This includes state of the art optics, wide spectral
range, beam focusing down to 50 μm and a variable angle of incidence. Analysis
of off-specular scattered light in the plane of incidence is also feasible. All of these
aspects are important to get an extensive view of the polarization properties of the
beetles. Furthermore, spectralMueller-matrix data allow a detailed analysis of optical
and structural properties of beetle cuticle.

In the coming sections we present how cuticle polarization features can be
determined from Mueller matrices as well as how general electromagnetic mod-
elling is employed to determine cuticle structure. We then describe more advanced
Mueller-matrix analysis including determination of allowed optical modes and pitch
distribution, sumdecomposition to identify basic reflection characteristics and differ-
ential decomposition to extract effective linear and circular birefringent and dichroic
parameters of cuticle.

Beetle Cuticle Polarizing Properties Deduced from Mueller Matrices Below we
have chosen to present the polarizance column (m21, m31, m41) of the normalized
Mueller matrix in λ − θ contour plots. The polarizance and in particular them41 ele-
ment, give important information on the elliptical and circular polarization response
and many reoccurring patterns are observed. The polarizance λ − θ contour plot
for a specimen of Cetonia aurata is shown in Fig. 11.5a. At small incident angles
m41 (PC ) is close to −1 in a narrow spectral range. An observation of the degree of
polarization in the same λ − θ region gives P close to 0.9 [75, 76]. That is, unpo-
larized light is reflected as near-circular left-handed polarized light in this region.
For other wavelengths and at near-normal incidence the degree of polarization is low
[77]. For larger incident angles the reflected light is generally linearly polarized and
the degree of polarization has a maximum close to 1 at the pseudo-Brewster angle
around 55◦ [77]. This response is also typical for other Cetoniinae beetles but often
the left-polarizing region is spectrally broader [75].

The polarizance λ − θ contour plot for a specimen of Chrysina chrysargyrea is
shown in Fig. 11.5b. Here m41 is close to −1 in a broad spectral region at small
incident angles. With increasing angles this feature becomes spectrally narrower. At
large angles, m41 instead changes to values close to +1 in a narrow spectral range.
The degree of polarization is high over most of the λ − θ region. For this beetle,
unpolarized light is reflected as near-circular left-handed polarized light for small
angles but changes to right-handed polarization at large angles. Similar responses can
be seen for other Chrysina beetles e.g. C. argenteola and golden parts of C. gloriosa
[75]. Also the well investigated C. resplendens has a similar but more complicated
response with several shifts between left and right polarization at the same incidence
angle. In Fig. 11.6 a few examples of ellipticity angles for a single angle of incidence
are shown for a selection of beetles [75] demonstrating the detailed level for evalua-
tion possible fromMueller-matrix data. Further details including λ − θ contour plots
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Fig. 11.5 Polarizance λ − θ contour plots for a Cetonia aurata b Chrysina chrysargyrea and c
Chrysina gloriosa (green parts). Data from [21, 33, 80]

Fig. 11.6 Ellipticity angle ε of reflected light for incident unpolarized light as determined from
Mueller matrices measured on C. argenteola, C. gloriosa (golden parts), C. aurata and A. aureus
at an angle of incidence of 20◦ and for C. argenteola also at 75◦

for degree of circular polarization, ellipticity, and azimuth angle for several Chrysina
beetles are presented in [81].

It should also be mentioned that some beetles show clear polarization effects in
ocular investigationswithfilters but little response in specularMMSE-measurements.
This is exemplified in Fig. 11.5c where a polarizance λ − θ contour plot from a
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Fig. 11.7 SEM image of C. aurata cuticle (left) and structural model (right) used in regression
analysis. The pitch � of the twisted structure is indicated as the distance between two planes with
the same orientation of the optic axis. From [65]

measurement on green parts of Chrysina gloriosa is shown. Other beetles showing
this behaviour are, for instance, the highly scattering Chrysina beetles C. macropus
andC. peruviana (Fig. 11.2) where the specularly scattered light is linearly polarized.
Here reflections with a high degree of circular polarization are instead found when
looking off the specular beam [80, 81].

The Mueller-matrix based analysis of polarization properties of reflected light
can be generalized from unpolarized incident light to incident light with arbitrary
polarization as well as to different types of polarization-state detectors [74]. This
is relevant in nature as it is a polarizing environment and in addition beetles and
predators may have polarization-sensitive vision.

Electromagnetic Modelling of Cuticle Structure Non-linear regression analysis
can be employed to model beetle cuticle. The cuticle structure vary in complex-
ity and may include one or more helicoidal structures with different pitch. Other
types of layered structures acting as quarter-wave plates and other optical functions
are also observed. Here we present a basic model with a stack of twisted biaxial
sublayers with a top uniaxial multilayer. Figure11.7 shows an SEM image of the
cuticle of a C. aurata specimen and an illustration of the optical model. The stack of
360 consecutively twisted layers mimics a helicoidal structure with thickness dexo
and represents the exocuticle and accounts for the circular Bragg reflection effects
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Fig. 11.8 Mueller-matrix spectra (solid curves) measured at angles of incidence 25◦, 40◦, 60◦ and
75◦ on C. aurata. Best fit model-generated spectra using the model in Fig. 11.7 are shown as dashed
lines. Only data for 25◦, 40◦ and 60◦ were used in the regression analysis whereas the model data
for 75◦ are predicted. From [65]

including colour and polarization. An essential layer is the uniaxial top layer with
thickness depi representing the epicuticle which is layered but not chiral.

All layers are assigned optical properties using Cauchy dispersions. The full-turn
pitch� of the helicoidal structure is indicated in Fig. 11.7. In the model� is allowed
to have a small random distribution�� to account for in depth pitch inhomogeneity.
A small absorption is also included which accounts for scattering and implies that
the exocuticle effectively becomes semi-infinite. Each of the biaxial sublayers and
the uniaxial epicuticle is described with a 4 × 4 layer matrix containing the sublayer
optical properties [82] and then used in forward calculations of the cuticle Mueller
matrix. Non-linear regression is then performed to determine best fit optical and
structural parameters including refractive indices, epicuticle thickness, pitch and its
distribution. Modelling details for analysis of the cuticle of C. aurata of different
colours are found in [65, 66].

Figure11.8 demonstrates an astonishing good match between model data and
experimental data forC. aurata.Observe that themodel can describe the experimental
data over the whole visible spectral range and in the angle of incidence range 25◦ to
75◦. For the specimen used to measure the data in Fig. 11.8, the best fit parameters
were: � = 379nm, �� = 15.5nm and depi = 544nm. Refractive indices in terms
of Cauchy model parameters are found in [65].

Optical Modes in Cuticle and Modelling of Pitch GradingData frommany scarab
beetles exhibit pronounced interference oscillations overlaid on the surface andBragg
reflection features [21, 73–75]. In the data in Fig. 11.8 these oscillations are sup-
pressed due to absorption in the cuticle of the studied specimen. However, if these
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Fig. 11.9 Spectral dependence of the polarizance vector in the Mueller matrix of a green specimen
of C. mutabilis at an angle of incidence of 25◦ (left). Schematics of wave propagation in a structure
with two chiral stacks of thicknesses d1 and d2 with pitch �1 and �2, respectively. From [67]

oscillations are sufficiently large a phenomenological modelling can be performed by
analysing the spectral dependence of their maxima and minima observed inMueller-
matrix elements [67, 68]. These oscillations reveal allowed optical modes in the
cuticle. In Fig. 11.9 we show the polarizance vector of the Mueller matrix measured
on the beetle Cotonis mutabilis and the oscillations are indeed pronounced. Changes
with photon energy of these oscillations are clearly visible and after a detailed analy-
sis four spectral regions (I-IV) can be identified as indicated in Fig. 11.9. This allows
to determine a structural model with two chiral stacks of thicknesses d1 and d2 com-
prising the outer part of the exocuticle. Optical modes propagate without attenuation
in spectral regions I and IV due to absence of Bragg resonances. The interference
oscillations then indicate that the thickness d1 + d2 of the outer exocuticle is 10.3μm.
In spectral regions II and III, at the top and bottom of outer exocuticle, left-handed
polarized light is selectively reflected from chiral stacks due to circular Bragg reflec-
tion. In this region the circular Bragg structures effectively act as cavities. The pitch
of the Bragg structures can be obtained from an analysis of the oscillations as further
detailed in [67]. In some beetle cuticle the pitch distribution is even more complex
than a double structure and a general methodology to determine in depth pitch profile
using regression analysis is under development [69].

Sum Decomposition of Mueller Matrices of Beetle CuticleWhen illuminated with
natural unpolarized light, we have seen that a beetle with a chiral cuticle can reflect
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Fig. 11.10 The two
non-zero eigenvalues λ1 and
λ2 obtained by a Cloud
decomposition of Mueller
matrices measured on
C. aurata at an angle of
incidence of 20◦. The
eigenvalues λ3 and λ4 are
close to zero. The parameters
α and β found in a regression
decomposition fit are also
shown. From [70]

left-handed near-circularly polarized light at near-normal incidence. The observed
Mueller matrix M is a non-diagonal depolarizer. Such a depolarizing Mueller matrix
can be decomposed in a sum of four non-depolarizing matrices Mi in various ways.
We have employed a Cloud decomposition see e.g. [83] which is based on the four
eigenvalues λi of the covariance matrix of M. A Mueller matrix is then expanded as

M = λ1M1 + λ2M2 + λ3M3 + λ4M4

The non-depolarizingmatricesMi are determined from the eigenvalues of the covari-
ance matrix of M. Figure11.10 shows an example of spectral λi obtained from M
measuredonC.aurata.Only twoeigenvalues are non-zero and the cuticle ofC.aurata
can in a first approximation be described as a sum of two Mueller matrices M1 and
M2 with relative weights determined by λ1 and λ2. These two matrices are identi-
fied as those of an ideal mirror and an ideal circular polarizer. As an alternative, a
regression-based decomposition can be performed if the matrices Mi are known a
priori. The four eigenvalues λi are then replaced by fit parameters α, β, γ and δ. In
Fig. 11.10, a best fit of α and β using only a mirror and a circular polarizer is shown.
Further details of the decomposition procedure and applications to more complex
beetle cuticle aswell as a generalization to angle-resolvedMuellermatrices are found
elsewhere [70, 71].

Differential Decomposition of Transmission Mueller Matrices of Beetle Cuticle
For chiral structures it is of interest to quantify its effective circular birefringence and
dichroism. For a homogeneous medium this is readily done by a taking the logarithm
L = lnMt of a measured transmissionMueller matrixMt . The elements of thematrix
L directly gives all linear and circular birefringent and dichroic properties of the
sample [84] as well as depolarizing properties if any [85]. In Fig. 11.11 we show the
result of a differential decomposition of Mt measured in transmission on C. aurata
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Fig. 11.11 Spectral
variation of CB, and CD
obtained from a differential
decomposition of M
measured in transmission
through the cuticle of a C.
aurata specimen. From [72]

[72]. We can observe that the magnitude of the circular birefringence (CB) in the
Bragg resonance region is around 0.4 rad which, with a cuticle thickness of around
20 μm, corresponds to a rotation of polarization of 560◦/mm.

11.7 Concluding Remarks

Linearly polarized light is very common in nature and many living species can
detect this polarization. In many cases the naturally polarized light has a high degree
of polarization. Especially the cases with high degree of circular polarization have
attracted attention and caused fascination among both physicists and biologists.

The biological significance is an interesting topic and still much is to discover
concerning how animals benefit from the polarization phenomena to survive and/or
reproduce. It is clear thatmany species use linearly polarized light for communication
and navigation. Polarized light plays an important role in biological signalling but
how and to which extent, are questions under debate and areas of active research.
There are also possibilities that polarization effects can help to find prey or to avoid
predators. A current question is the role of reflections with near-circular polarization.
As mentioned above, there are recent reports that Chrysina gloriosa can respond on
circularly polarized light [15, 16] but it is not clear if this has some biological
relevance.

From the research on polarizing natural structures there has been some suggestion
on applications. Berthier et al. [86] proposed the possibility to utilize the polarization
effects found in some butterflies for anti-counterfeiting of banknotes. Voshchula et
al. [7] reported that linearly polarized light incident on leafs from Begonia becomes
elliptically polarized upon reflection which potentially could be used in agricultural
monitoring and early detection of diseases.More examples on structural colour appli-
cations and biomimetic design are found in the review by Lenau and Barfoed [58].
A couple of recent examples of biomimetic approaches involving Mueller matrix
spectroscopic ellipsometry are found in [87, 88].

We can conclude by stating that the polarizing micro- and nanostructures found
in nature are intriguing for both physicists and biologist. They can serve as an inspi-
ration for new applications and also give a deeper understanding of natural systems.
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The remarkable optical properties of various species, e.g. some scarab beetles, are
yet another reason to maintain biodiversity and stop worldwide habitat destruction.
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Chapter 12
Polymer Blends and Composites

Stergios Logothetidis

Abstract The implementation of flexible Organic Electronic (OE) devices in a large
variety of consumer applications (generation of electricity, visualization of informa-
tion, lighting, sensing, etc.) will significantly improve our everyday life. The typical
OEdevice (e.g. a organic photovoltaic cell—OPV) consists ofmultilayered structures
(30–200nm thick each) fabricated onto rigid (e.g. glass) and/or flexible substrates
(as PET, PEN) from transparent and electrically active organic nanolayers. The OE
device core is the active or the organic semiconducting (polymer or small molecules)
layer, that absorbs photons and generates electric charges, sandwiched between the
device electrodes. Finally, the device is encapsulated by barrier layers for the protec-
tion of the photoactive layers against degradation and corrosion due to atmospheric
gas penetration inside the device. The understanding of the correlation between the
polymer blend structure and its optical and electrical properties, and the achievement
of the desirable morphology at nanometer scale, is a prerequisite in order to opti-
mize the device performance and stability. Spectroscopic Ellipsometry (SE) from
the infrared to the visible and far ultraviolet spectral region has been widely used to
provide significant insights on the optical properties, blend morphology, and com-
position of the polymer blends that are used as active layers in OE devices. In this
chapter, we summarize on the latest advances in the implementation of SE from
the infrared to the visible and ultraviolet spectral region, for the investigation of the
optical and electronic properties, composition profile and structure of polymer nano-
materials that are used as organic semiconductors and transparent electrodes for OE
devices, and we discuss the effect of their nanoscale structure on their properties and
functionality.
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12.1 Introduction

Organic Electronics (OE) is one of the most rapidly emerging sectors of the modern
science and technology. This technology is predicted to improve our everyday life in
the coming years by the evolution of existing applications, the creation of novel appli-
cations and products and by reducing limitations of conventional microelectronics
fabrication [1–4]. Among the most exciting applications are the: (a) organic emitting
diodes—OLED for displays with superb resolution and conformability, and for light-
ing in large areas (e.g. roof ceilings and walls), (b) organic photovoltaic cells—OPVs
in the form of rolls for generation of electricity everywhere, from tents, walls and
portable objects, as bags, (c) organic thin film transistors—OTFTs for performing
electronic functions, (d) thin film batteries—TFB for use as portable power sources,
and (e) sensors and biosensors [1, 2, 5]. Also, new applications are expected in sev-
eral sectors, such as in automotive industry (glass with embedded OPVs, interior
lighting using OLEDs, etc.), architecture (walls and windows with lighting function-
ality, rollable television and information systems), healthcare (biosensors for disease
detection and vital sign monitoring, etc.) and construction [2, 5]. Among the most
intriguing benefits from the use of organic semiconducting materials for deposition
onto flexible polymeric substrates include the low cost of the fabrication processes,
the mechanical flexibility of the device, the ability to be rolled when the device is
not used, the low weight and conformable design [1, 2, 4, 6–8].

The field of flexible organic electronics includes several innovations in materi-
als, such as organic semiconductors (small molecule and polymers) with sufficient
electrical conductivity, transparent organic electrodes, hybrid barrier materials for
the device encapsulation, and finally, flexible polymeric substrates, as PolyEthy-
lene Terephthalate (PET), and PolyEthylene Naphthalate (PEN) that will replace
the Si and glass rigid substrates [5, 9]. The performance, efficiency and lifetime of
organic electronic devices are defined by the physical (optical, electronic, electri-
cal, structural, mechanical) properties and the nanoscale morphology of the organic
semiconductor, electrode and barrier materials. These should meet specific and
advanced requirements, such as high optical transparency, high electrical conductiv-
ity, structural stability, ultra low atmospheric gas permeability, film–substrate adhe-
sion, etc. [3–5, 10].

The knowledge of their optical properties in the infrared to ultraviolet spectral
region is of considerable importance and it can contribute to the understanding of
the bonding and electronic structure and microstructure, their optical transparency
as well as the structure-property relationships. In-situ and real-time Spectroscopic
Ellipsometry (SE) is a powerful, non-destructive and surface sensitive optical tech-
nique that has been used for the investigation of optical, electronic, vibrational, struc-
tural and morphological properties, the composition and the growth mechanisms of
inorganic and organic bulk materials and thin films [11]. The implementation of real-
time SE monitoring and control to large scale production of functional thin films for
numerous applications, will lead to the optimization of the materials quality and
increase in production yield [11–14].
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In this chapter, we will provide an overview of the implementation of SE on the
characterization of the optical and electronic properties of polymer:fullerene blends
and composites that are used as photoactive nanolayers and transparent electrodes,
respectively, for the fabrication of OPVs. This discussion will prove the potentiality
of SE for implementation to lab scale processes (as a research tool) and to industrial
scale processes (as a powerful quality control tool for the roll-to-roll (r2r) fabrication
of flexible OE devices).

12.2 Organic Electronics Devices

Among themost important applications of flexible organic electronics are the organic
photovoltaic cells (OPVs) and organic light emitting diodes (OLEDs) [2]. The OPVs
will be used for solar energy harvesting and conversion towards the generation of
electricity for consumer use. There are two different general categories of OPVs;
polymer and small molecule OPVs. These two classes of materials are different in
terms of their synthesis, and device fabrication processes. The polymer OPVs are
processed from solution in organic solvents, whereas small-molecule OPVs are pro-
cessed mainly using thermal evaporation deposition in a high-vacuum environment.
PolymerOPVsaremore attractive owing to anumber of advantageous features,which
include low cost (due to low material consumption and high abundance of organic
materials), high optical transparency, mechanical flexibility, and tunable material
properties [10, 15–18].

Initially, the planar junction concept (see Fig. 12.1a) has been introduced at the
late 1970s, and the first OPVs had achieved power-conversion efficiencies (PCEs)
of ∼1% [8]. However, this structure has certain limitations, which include a small
surface area between the donor and acceptor interfaces and the requirement of long
carrier lifetime to ensure that the electrons and holes reach their respective electrodes
(metal cathode or transparent anode). These problems can be addressed by introduc-
ing a bulk heterojunction (BHJ) structure, which involves mixing donor–acceptor
materials in the bulk body of an OPV device (Fig. 12.1b) [19]. Although the BHJ
concept can address the exciton dissociation, it has been found that the phase sepa-
ration between the donor and the acceptor (blend morphology) has a major role in
achieving proper charge transport channels for collecting the electrons and holes [20,
21].

(a) (b)

Fig. 12.1 Typical layer structures of: a planar junction OPV, b bulk heterojunction OPV
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Fig. 12.2 Principle of operation of a bulk heterojunction OPV

The principle of operation of a polymer:fullerene OPV is shown in Fig. 12.2. The
energy difference between the lowest unoccupied molecular orbital (LUMO) of the
donor and highest occupied molecular orbital (HOMO) of the acceptor provides the
driving force for the dissociation of Frenkel excitons [3, 4, 7, 8, 21, 22]. The two
organic semiconductors with electron-acceptor and electron-donor properties are
deposited between the anode and cathode layers (with different work functions φ).
The bound electron-hole pairs (excitons) are generated within one of the organic lay-
ers by light absorption. Although there is a finite probability for exciton dissociation
into a positive and a negative polaron within one organic layer (mostly at chemi-
cal and/or structural defects of the layer), this process is significantly more efficient
directly at a donor-acceptor BHJ with a relative energy-level alignment. The next
process is the diffusion of excitons towards the organic-organic interface, where they
undergo exciton dissociation that results in electron transfer to the acceptor material
and the hole remaining on the electron donor. Finally, the newly generated charge
carriers are transported towards the respective electrodes [1, 8, 10, 15–18, 22].

The external quantum efficiency (EQE) of an OPV is calculated as a function of
wavelength (λ) and it is expressed as the ratio between the collected photo-generated
charges and the number of incident photons. This is product of four efficiencies (η):
absorption (A), exciton diffusion (ED), charge separation (CS) and charge collection
(CC), giving [8]:

EQE(λ) = ηA(λ) × ηED(λ) × ηCS(λ) × ηCC(λ). (12.1)

The photo-voltage (or Voc) is directly linked to the energy difference between the
LUMO level of the acceptor and the HOMO level of the donor, thereby providing
the primary driving force for charge separation.
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The desired diffusion of excitons towards the donor-acceptor organic interface sets
strict requirements on the blend film morphology. The exciton diffusion lengths in
polymeric and disordered molecular solids are only a few nanometers, and increases
to a few hundred nanometers for highly ordered crystalline materials. Therefore,
the average spacing of organic hetero-junctions should be on the length scale of the
exciton diffusion lengths. Although, BHJ structures can be fabricated with morphol-
ogy in the required length scale, however, there are only a few or no continuous
percolation paths for charge transport for either electrons or holes within one single
phase. Therefore, for the fabrication of efficient OPVs it is crucial to consider and
address the materials design (the donor and acceptor must exhibit satisfactory charge
mobilities to ensure balanced transport of holes and electrons), the morphology and
manipulation, and the interface engineering [6, 8, 20, 23].

Anothermajor applicationof organic electronic devices is theOLEDs.Aschematic
energy-level diagram of a multilayer OLED can be seen in Fig. 12.3. The active
organic (electroluminescent-EL) layer is formed in the middle of a high work-
function (φ1) anode and a low-work-function (φ2) cathode. The anode should
allow easy hole injection and it consists of a transparent conductive oxide as ITO
(φ = 4.7eV) or a transparent polymer such as Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS). The cathode should allow easy electron injec-
tion and it must have band gap energy higher than the band gap energy of the anode.
The cathode consists of metals as Ca, Mg, and Cd, whereas the typical metals, as Ag
and Al, have work function values of 5.1 and 4.3eV, respectively.

By applying an external driving voltage, electrons are injected into the conduction
band and holes into the valence band of a semiconducting polymer. The concept of
electronic bands in polymers is mainly applicable along the direction of an undis-
turbed polymer chain, as interchain coupling is rather small. For small-molecular
materials, the corresponding energy levels are derived from the LUMO and the
HOMO, which are usually confined to one molecule. Upon injection from the elec-
trodes, electrons and holes self-localize to form negative and positive polarons, which

Fig. 12.3 Energy level
diagram of an OLED
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travel under the apparent electric field in opposite directions. When two oppositely
charged polarons meet, they can form bound excitons. Exciton formation due to such
electrical excitation is governed by spin statistics, which leads to a ratio of 25:75 for
singlet excitons (SE)/triplet excitons (TE). In most conjugated organic systems, the
lack of heavy atoms in the molecular structure states that only SEs can produce light
(radiative decay), while phosphorescence from longer lived triplet states is highly
improbable.

12.3 Spectroscopic Ellipsometry for the Investigation of
Optical and Electronic Properties of OE Nanolayers

Spectroscopic Ellipsometry (SE) is a very powerful technique for the optical char-
acterization of a wide variety of materials (inorganic, organic, composites) in the
form of bulk and thin films. Under the appropriate circumstances, SE can determine
the thickness, the optical and electronic properties of materials, more accurately
than any other technique. Also, SE can provide information on the optical functions,
vibrational, electronic, compositional and nanostructural properties, surface rough-
ness, interface layers as well as the volume fraction of multiple phases in composite
materials. SE can be implemented for the detailed characterization of all types of
materials, such as dielectrics, semiconductors, metals, and organicmaterials, opaque,
semitransparent or even transparent materials [11, 24, 25]. These materials can be
deposited either by vacuum and low pressure deposition methods (e.g. evapora-
tion, sputtering, OVPD) or by wet (e.g. spin coating) and printing methods (inkjet,
gravure, screen printing, etc.). Its instrumentation relies on the fact that the ampli-
tude and phase of the light polarization changes upon its reflection or transmission
through a dielectric interface.

Although the fundamental principles of SE are described in Chap.1, it can be
summarized that SEmeasures the optical response of bulkmaterials and thinfilms as a
function of the photon energyω. The determined properties are the complex refractive
index ñ(ω) and the complex dielectric function ε̃(ω). The complex refractive index
is related to dispersion and absorption of light by the following expression [11]:

ñ(ω) = n(ω) + ik(ω). (12.2)

In the case of the reflection of a light beam at the planar interface between two
semi-infinite optically isotropicmedia 0 and1,when the light beamdoes not penetrate
themedium(1), either due to its high absorption coefficient or its infinite thickness,we
are referred to a two-phase (ambient-substrate) system, or a bulkmaterial surrounding
bymedium(0). In this case the ratio of the p-, s-Fresnel reflection coefficients, namely
the complex reflection ratio is the quantity measured directly by SE and it is given
by the expression [11]:

http://doi.org/10.1007/978-3-642-40128-2_1
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In this expression, Ψ and 
 are the ellipsometric angles, and for a bulk mate-
rial take values 0◦ < Ψ < 45◦ and 0◦ < 
 < 180◦. From an SE measurement, the
complex reflection ratio ρ̃ is estimated, through the calculation of amplitude ratio
tanΨ and the phase difference 
. From these two quantities one can extract all the
other optical constants of the material. For example, the complex dielectric func-
tion of a bulk material with smooth surfaces is directly calculated by the following
expression [11, 14]:

ε̃(ω) = ε1 + iε2 = η̃2(ω) = ε̃0 sin
2 θ0

{

1 +
[
1 − ρ̃(ω)

1 + ρ̃(ω)

]2

tan2 θ0

}

, (12.4)

where θ is the angle of incidence of the beam, and ε̃0 the dielectric constant of the
ambient medium (for the case of air ε̃0 = 1).

Although some information on the optical properties can be deduced directly from
the SE measurements, quantitative data can be derived from theoretical modeling.
This procedure includes the formulation of a theoretical model (which approximates
the film architecture and structure of the studied material), and the fitting of the
measured 〈ε̃(ω)〉 to this model by using the desired parameters, as variables in the
numerical analysis. The optical and electronic response of the thin films can be
deduced by the parameterization of the measured 〈ε(ω)〉 by the use of appropri-
ate theoretical models. These models include, for example, the damped harmonic
oscillator (Lorenz model), and the Tauc–Lorentz (TL) model, which calculates the
fundamental optical gap ωg [26, 27]. These models have been described in detail in
Chap.1.

12.3.1 Polymer: Fullerene Blends as Photoactive Layers for
OPVs

The most successful OPV active material system that is used mainly as photoactive
layers in OPVs is the polymer:fullerene BHJ system. This consists of a blend of a
p-type semiconductor (electron donor), such as poly(3-hexylthiophene) (P3HT) with
an n-type semiconductor (electron acceptor), such as methanofullerene derivatives
(PCBM) [1, 3, 4, 10, 28, 29]. The adoption of C60 fullerene and its derivatives to
replace the n-type molecules in OPV devices was one of the major breakthroughs
in OPV technology. Due to their strong electronegativity and high electron mobility,
C60 derivatives have become standard n-type molecules in OPV devices [10, 15, 17,
18, 30]. These conjugated molecules are electronically active because of their highly
polarizable π -systems. Efficiencies of more than 5% have been reported for the most
studied system consisting of P3HT and PCBM, whereas efficiencies of more than
7% have been realized for low band gap polymers, as benzodithiophene [31].

http://doi.org/10.1007/978-3-642-40128-2_1
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The high efficiency ofOPVs based on P3HT:PCBMcan be correlated to the intrin-
sic properties of the blend components. The regioregular P3HT self-organizes into
a microcrystalline structure and, because of efficient interchain transport of charge
carriers, its hole mobility is high (∼0.1cm2/Vs) [15]. Moreover, in thin films inter-
chain interactions cause a red shift of the optical absorption of P3HT, which provides
an improved overlap with the solar emission spectrum. PCBMhas an electronmobil-
ity of 2 × 10−3 cm2/Vs [15]. Compared to C60, the solubility of PCBM in organic
solvents is greatly improved, which allows the utilization of deposition techniques
requiring highly concentrated solution.

In order to achieve maximum charge generation, a large interfacial area between
the polymer and fullerene is required, which can be only achieved by the forma-
tion of an optimum distribution of the components. Ideally, more p-type material
(polymer) should be located at the interface of the hole collecting anode and more
n-type (fullerene) material should be at the electron collecting cathode facilitating
collecting of charges from the photoactive layer to the electrodes. Nevertheless,
the morphology of BHJ structures cannot be easily controlled. The final blend film
structure is affected by the experimental parameters, as blend composition, viscosity,
solvent evaporation rate or substrate surface energy. Therefore, there are difficulties
to achieve the desired blend morphology for maximum charge generation and trans-
port [5, 23, 32]. Furthermore, the detailed investigation of the BHJ morphology is
quite challenging, as few techniques are able to characterize such complex materials
with adequate lateral and vertical resolution at the nanoscale.

Severalmethods have been proposed to control the blendmorphology, that include
the appropriate solvent choice of spin-coated films [33–36], thermal annealing of
blends [37], slow drying, melting of bilayers [38] and vapor annealing [39]. These
different methods tend to promote the formation of a phase-separated morphology
with crystalline P3HT and PCBM domains and in all cases lead to improved OPV
performance [40].

The blend morphology can be determined by the use of SE working in the Vis-
farUV spectral region. Prior to the calculation of the optical and electronic properties
of the blend, the optical response of the pristine polymer and fullerene materials has
to be determined. The calculated bulk dielectric function ε(ω) of bulk pristine P3HT
is shown in Fig. 12.4. The pristine P3HT was prepared in chlorobenzene (10mg/ml
each) and it was deposited by spin coating at 1000 rpm for 30s onto glass substrates.
Afterwards it was subjected to a thermal annealing process for 5 s on a hot plate at
different temperatures in order to study the effect of the annealing on its electronic
response. For the analysis of the 〈ε(ω)〉, a theoretical model was used that consists of
the layers air/(50%P3HT+50%voids)/P3HT/(glass substrate),whereas the electronic
transitions of P3HT were modeled by the use of 3TL oscillators.

The characteristic electronic transition energies are calculated at 2.04 (singlet exci-
tonic transition), 2.24 and 2.46eV. From Fig. 12.4 we observe that the increase of the
post-deposition thermal annealing is accompanied with an increase of the intensity of
the first electronic transition at 2.04eV. This can be attributed to the increased crys-
talline ordering of P3HT domains (this peak is assigned to an interchain-delocalized
excitation and its intensity has been linked to the degree of P3HT crystallinity [41])
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Fig. 12.4 Calculated bulk
dielectric function ε(ω) of
P3HT before and after its
post deposition thermal
annealing to 145 ◦C and
160 ◦C

Fig. 12.5 Imaginary part
ε2(ω) of the bulk dielectric
function of the PC60BM and
PC70BM fullerene
derivatives

and to the increase of the conjugation length [42]. Although the electronic transition
energies were found to be independent on the annealing temperature, the band gap
energy reduces from 1.89 (RT) to 1.73eV (T = 160 ◦C).

Figure12.5 shows the calculated bulk dielectric function ε(ω) of the fullerene
derivatives. It is clear that PC60BM (denoted as PCBM) and PC70BM differenti-
ate in terms of their optical band gap and other electronic absorptions. The calcu-
lated bulk ε(ω) of PC60BM is dominated by three electronic transition energies at
3.7 eV (S0 → S17), 4.77eV (S0 → S37) and 5.85eV (S0 → S56), whereas its optical
band gap energy is calculated at ωg = 2.09eV. Concerning the pristine PC70BM,
its absorption spectra include the electronic transitions at 2.25, 3.19eV and a broad
absorption at 4.85eV [40, 43, 44]. FromFig. 12.5 it is clear that PC70BMhas a higher
absorption in the visible spectral region thanPC60BM.This is expected to increase the
absorption in a fullerene:PC70BM blend and the OPV device efficiency. Moreover,
the BHJ morphology is affected by the more hydrophilic behavior of PC70BM.
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Fig. 12.6 Measured 〈ε(ω)〉
of two representative
P3HT:PCBM thin films;
as grown (not annealed) and
annealed at 140 ◦C for
30min. Modified after [43]

The experimentally measured 〈ε(ω)〉 of P3HT:PCBM blend films is shown in
Fig. 12.6, as a function of the photon energy ω of two representative samples; as
grown and annealed at 140 ◦C for t = 30min. The SEmeasurements were performed
in the 1.5–6.5eV energy region with a step of 20meV and an angle of incidence
of 70◦. These samples were fabricated onto PEDOT:PSS/ITO/glass structures. The
materials used were a regioregular P3HT with purity of 99.995% and mean molec-
ular weight Mn = 45,000–65,000 and a PCBM of 99.5% purity. The P3HT:PCBM
(1 : 0.8w/w) solution had a concentration of 18mg/ml with a chlorobenzene solvent.
The P3HT:PCBM films were spin coated onto the PEDOT:PSS/ITO/glass structures
with a rotation speed of 1000 rpm for 30s. After the thin film fabrication, the samples
were left to dry for 24h and afterwards they subjected to thermal annealing treatment
at 140 ◦C for different durations of time. The changes in the measured 〈ε(ω)〉 are
attributed to the different blend morphology and the distribution of the P3HT and
PCBM constituents in the blend structure as a result of the annealing process.

In order to obtain quantitative information from the 〈ε(ω)〉, this has been
analyzed by the use of a theoretical model consisting of a multilayer stack of
air/P3HT:PCBM/PEDOT:PSS/ITO/glass substrate. During the analysis of 〈ε(ω)〉,
the P3HT:PCBM film has been approximated as a homogeneous material. Its opti-
cal response has been modeled by the TL oscillator model using 5 TL oscillators.
Figure12.7 shows the calculated bulk dielectric function ε(ω) as grown and annealed
at 140 ◦C for 30min. The optical response of the P3HT:PCBM blend films in the
Vis-fUV spectral region includes five optical absorptions that are found at photon
energies of 2.05, 2.24, 3.95, 4.65 and 5.89eV. The first optical absorption at 2.05eV is
attributed to the singlet excitonic transition of the P3HT conjugated polymer whereas
the transition at 2.24eV corresponds to the formation of excitons with phonons [41,
43]. The other three electronic transitions at higher energies are originated from the
PCBM and they can be assigned to the electronic transitions S0 → S17, S0 → S37
and S0 → S56, respectively.

Also, significant peak-intensity enhancement is observed at the calculated ε(ω)

of the blend after the thermal annealing. This can be attributed to the crystallization
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Fig. 12.7 Calculated bulk
dielectric function ε(ω) of
P3HT:PCBM blends, before
and after the annealing
process based on the best-fit
parameters of the analysis of
〈ε(ω)〉. Modified after [43]

Fig. 12.8 Evolution of the
energy band gap ωg of
P3HT:PCBM with the
annealing time at 140 ◦C.
Modified after [43]

of the P3HT from amorphous to nano-crystalline. The changes in P3HT crystallinity
with the annealing temperature can be correlated to the change in the absorbance
of the vibronic peak at 2.05eV. This peak is assigned to an interchain-delocalized
excitation and its intensity has been linked to the degree of P3HT crystallinity [41].
From Fig. 12.7 it is also evident that the intensity of this peak is pronounced at the
annealed sample leading to the conclusion that P3HT forms a highly ordered structure
after the annealing.

The dependence of the fundamental band gap ωg on the annealing time, as deter-
mined by the analysis of the measured 〈ε(ω)〉 is shown in Fig. 12.8. The calculated
band gap ωg values of the P3HT:PCBM blends have been found to decrease with
the increase of thermal annealing time from 1.89 (not annealed sample) to 1.73eV
(annealed for 30min).

The kinetics of the molecular rearrangement in the BHJ structure can be under-
stood by the investigation of the vertical distribution of P3HT and PCBM volume
fractions in the blend, and its dependence on the experimental conditions (e.g. the
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Fig. 12.9 Schematic
representation of the layer
structure on which the blends
were deposited

post-deposition thermal annealing) as well as on the device layer structure (e.g.
anode or cathode layers). For the study of the effect of the cathode electrode on the
P3HT:PCBM blend morphology, we describe below the monitoring of the optical
response of P3HT:PCBM blends deposited onto PEDOT:PSS/ITO/glass multilayer
structures. These are shown in Fig. 12.9.

For the understanding of the influence of the used substrate, the P3HT:PCBM
blend films were deposited onto four different formulations of PEDOT:PSS (Cle-
vios, Heraeus). These are PH1000, PVPAI4083 and PVPCH8000 dispersions (used
as received), while a PH1000 solution was modified by the addition of 6% (% v/v) of
dimethyl sulfoxide (DMSO) in order to increase its conductivity. These four disper-
sions were filtered using a 0.45mm syringe filter (Whatman, PVDF) and were spin-
coated onto cleaned and pre-patterned ITO/glass substrates. The PEDOT:PSS/ITO/
glass samples were annealed on a hot plate at 140 ◦C for 10min to remove any
residual H2O. The blend components include a highly regioregular P3HT material
fromRiekeMetals (molecular weightMn = 10–30kDa, poly dispersity index PDI =
1.7–2.2, regioregularity >95%) and PCBM from Solenne BV. A blend solution of
P3HT:PCBM (1:0.8w/w) was prepared with a total concentration of 21.6mg/ml in
chloroform. The solution was stirred for 24 at 55 ◦C to promote total dissolution and
processed without filtering. The P3HT:PCBM blend was spin coated at 700 rpm for
18s onto the PEDOT:PSS/ITO/glass structures producing thin films of thickness of
∼200nm. All the above preparation has been conducted in a nitrogen-filled glove
box [41, 43]. The optical response of the BHJ was based on the optical response of
the polymer and fullerene components. In this model, the information can be pro-
vided by the Bruggeman Effective Medium Approximation (BEMA) [11, 45] that
can calculate the volume fractions of the polymer and fullerene in different regions
in the blend. The volume fractions of P3HT and PCBM have been approximated to
change exponentially from the bottom to the top regions of the blend.

Despite the testing of several theoreticalmodels (e.g. homogeneous, linear) for the
investigation of the vertical compositional profile of P3HT and PCBM in the BHJ, it
was found that this model can provide the most accurate description of the vertical
composition profile with the lower value of the minimization function (χ2 = 0.035).
The applicability and reliability of the above model are based on the fact that the
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penetration depth of the light ensures the extraction of information from the BHJ at
all thicknesses. This exponential gradient model can calculate the P3HT and PCBM
volume fraction at the bottom layer (layer no. 1) and at the top layer (layer no. 20) by
the reference bulk dielectric functions ε(ω) of the P3HT and PCBMusing the BEMA
[11, 12]. These are denoted as %(P3HT)i and %(PCBM)i (i = top, bottom). The
optical response of the pristine P3HT and PCBM constituents has been previously
calculated in order to be used as a reference spectra during the analysis of the 〈ε(ω)〉.
Also, the necessary information for the optical response of the glass substrate and
the PEDOT:PSS layer are previously determined by the measurement and analysis
of plain glass substrate and pristine materials, respectively [41].

Figure12.10 shows the calculated volume fractions of P3HT and PCBM compo-
nents as a function of the PEDOT:PSS nano-layer surface energy. The information
on Fig. 12.10a corresponds to the volume fractions before the thermal annealing of
the device and prior to the cathode metal deposition. On the other side, the volume

Fig. 12.10 Evolution of the
calculated volume fraction of
P3HT and PCBM in the
blend films as a function of
the surface energy for the
various PEDOT:PSS
substrates: a the
non-annealed samples and
b the annealed samples [41].
Reproduced from [41] with
permission of The Royal
Society of Chemistry
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fractions shown in Fig. 12.10b correspond to the annealed samples. In the case of the
non-annealed samples,%(P3HT) is found to be 55%and the%(PCBM) is determined
at 45% at both the top and bottom regions of the blends deposited on the lower sur-
face energy substrates (PH1000+DMSO, PH1000). This indicates a homogeneous
distribution of the P3HT and PCBM in the BHJ layers, which is promoted by the
weight ratio of P3HT/PCBM in the blend solution, namely, 1/0.8. On the contrary, the
blends deposited onto PEDOT:PSS of higher surface free energy (PVPAI4083 and
PVPCH8000), have a non-uniform distribution of the P3HT and PCBMcomponents.
The %(P3HT)top increases up to 64% (at the PVPCH8000), whereas an increase of
the %(PCBM)bottom at the buried interface close to PEDOT:PSS layer is observed
from 46% (at the PH1000+DMSO) to 53% (at the PVPCH8000).

The above behavior is enhanced by the thermal annealing process of the sam-
ples. Figure12.10b shows that the thermal annealing leads to the increase of
the %(P3HT)top and %(PCBM)bottom and to the reduction of %(P3HT)bottom and
%(PCBM)top. This de-mixing process is enhanced when the BHJ layer is deposited
onto the higher surface energy buffer layers. As a result, the lowest phase separation
occurs in the lower surface energy (most hydrophobic) buffer layers. In these sam-
ples we find that %(PCBM)bottom = 50.3% and %(P3HT)bottom = 49.7%, whereas
in the top region we find that %(P3HT)top = 60.2% and%(PCBM)top = 39.8%. It is
clear from Fig. 12.10b that the largest phase separation takes place at the high surface
energy (most hydrophilic) PVPCH8000 substrate [41].

This phenomenon of vertical phase separation, which is well known in polymer
blends, has been reported in polymer-fullerene thin films by a number of differ-
ent groups and is still under discussion [40, 44–46]. That is since, during the spin
coating deposition of polymer blends that consist of components with different sur-
face energy, the component with the lower surface tension enriches the film surface.
The driving force for this mechanism is the tendency to reduce the free energy of
the system [47]. The surface energies of pristine P3HT and PCBM were measured
at 24 and 38.2mN/m, respectively. Consequently, for a typical P3HT:PCBM blend
film on a high surface energy substrate, such as PEDOT:PSS, the buried interface is
expected to be PCBM-rich while the free surface (exposed to air) is expected to be
enriched with the lower surface free energy P3HT. This process is initiated during
spin coating and is enhanced during the thermal annealing treatment [41]. The above
findings on the lateral phase separation can be supported by the investigation of the
surface nano-topography of the BHJ blends by AFM. Figure12.11 shows the surface
nano-topography images of two representative BHJ samples; the non-annealed and
the thermally annealed sample to 145 ◦C for 3min.

No significant variations were found on the surface nano-topography among the
P3HT:PCBM samples deposited onto different PEDOT:PSS substrates. More specif-
ically, the non-annealed samples revealed a very smooth surface with a rms rough-
ness of 0.5nm and a peak-to-valley distance of 4.3nm. The low surface roughness
suggests that little or no phase separation exist and that the two phases are in a well-
mixed state. Indeed, films cast from a high volatile solvent such as chloroform are
quenched in a well mixed state, since the solvent evaporates very quickly and freezes
themolecular chains in a state far from the thermodynamic equilibrium.However, the



12 Polymer Blends and Composites 285

Fig. 12.11 AFM topography images of the P3HT:PCBM nanolayers. Non-annealed (left) and after
annealing at 145 ◦C for 3min (right). Scan size is 2.5 × 2.5µm [41]. Reproduced from [41] with
permission of The Royal Society of Chemistry

thermal annealing above the polymer’s glass transition temperature softens the P3HT
matrix, and provides the macromolecules the appropriate mobility to crystallize and
reach a more thermodynamically favorable state. P3HT forms fibrillar nanocrystals,
while PCBM molecules diffuse to form fullerene aggregates or bulky crystals [48,
49]. In the final state, the P3HT crystals, the PCBM molecules or nano-crystals and
the P3HT amorphous phase coexist. As a consequence, the rms surface roughness
increases to 2.4nm with a peak-to-valley profile height of 18.9nm [41].

Finally, the recent developments on the study of the optical properties of BHJ
P3HT:PCBM blends includes the investigation of the effect of the optical anisotropy
of the blend [50], and the influence of the P3HT regioregularity [51], aswell as the use
of optical measurements towards the understanding of the vertical phase separation
[45, 52–56].

12.3.2 PEDOT:PSS for Transparent Electrodes

Despite the enormous effort that is focused on the materials and processes for the
fabrication of organic electronic devices, such as OPVs and OLEDs there is still the
need for soluble transparent organic electrodes with sufficient optical and electrical
response. That is since the inorganic electrodes that are currently used, such as
ITO, combine their good electrical response (low resistivity of ∼2 × 10−4 �cm and
relatively high work function of ∼4.8eV) with several disadvantages [5, 9]. These
include the high costs for indium, the need for vacuum deposition that is associated
with increased temperatures, the oxygen or indium diffusion and the incompatibility
with roll-to-roll (r2r) deposition processes on flexible substrates such as PET that
have the form of rolls [5, 9].
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Fig. 12.12 Chemical
structure of the PEDOT:PSS

PEDOT:PSS is a transparent conductive polymer that is used as anode buffer
layer in organic electronic devices. It is expected to replace the inorganic, brittle and
expensive ITO, as well as other TCO materials, such as zinc oxide. PEDOT:PSS
combines metallic-like behavior with solubility and it can be used as hole-injecting
material in applications such as sensors, antistatic coatings, solar cells, etc. [5, 7, 9,
58–61]. It consists of a conducting part, PEDOT which is a low molecular weight
polymer, insoluble and thus difficult to process and an insulating polymer PSS,
which is a high molecular weight polymer which gives the desirable flexibility and
also increases the solubility of the system in water, making the whole system easy
to process. The oligomer PEDOT segments are electrostatically attached on the PSS
polymer chains (see Fig. 12.12) [59–63].

The currently accepted morphology of PEDOT:PSS films (especially films that
are fabricated by spin casting or spin coating) is that of a phase segregated material
that consists of PEDOT:PSS grains surrounded by a shell formed by excess PSS
[49–51]. This structure has been confirmed by several analytical methods [58–60,
62, 65, 66]. More specifically, the material consists of PEDOT-rich spheroid (or
pancake-shaped) particles with diameter in the range of 20–30nm and height of
4–6nm (see Fig. 12.13). These are actually organized in layers that are separated
by quasi-continuous nanometer-thick PSS lamellas. This morphology qualitatively
can explain the observed differences in magnitude and temperature dependences of
the conductivity in the normal and parallel current directions [64, 67]. That is, the
conductivities of spin-coated PEDOT:PSS thin films, measured in lateral and vertical
directions with respect to the sample surface, are reported to be highly anisotropic. In
the normal direction, the horizontal PSS lamellas were assumed to impose nearest-
neighbor hopping between the quasi-metallic PEDOT particles, leading to a strongly
reduced conductivity. On the other hand, on the perpendicular direction a higher
charge transport is observed between the PEDOT-rich particles that are laterally
separated by much thinner barriers, leading to an enhanced conductivity in this
direction [64, 67].

The investigation of the optical properties of the PEDOT:PSS layers has been real-
ized also by SE in the infrared energy region by Fourier Transform IR SE (FTIRSE),
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Fig. 12.13 Schematic representation of the morphological model for PEDOT:PSS. PEDOT-rich
spheroid particles organized in layers separated by lamellas of insulating PSS

Fig. 12.14 Pseudodielectric
function 〈ε(ω)〉 of
PEDOT:PSS measured in the
IR spectral region [9].
Reprinted from
S. Logothetidis,
A. Laskarakis, Organic
against inorganic electrodes
grown onto polymer
substrates for flexible organic
electronics applications,
Thin Solid Films 518, 1245
(2009). Copyright 2013, with
permission from Elsevier

which provides information on the bonding structure, based on the strong absorption
bands indicating the contribution of the vibrational modes of the IR active chemical
bonds. Figure12.14 shows the measured 〈ε(ω)〉 of the PEDOT:PSS layer in the IR
spectral region by FTIRSE. The main bonding vibrations are found at 1512, 1454,
1394, 1370 and 1168cm−1 from the stretching ofC=CandC–C in the thiophene ring.
Further vibrations from the C–S bond in the thiophene ring can be seen at 930, 830,
727 and 697cm−1. Vibrations at 1183, 1144–1128, 1093–1076 and 1052–1047cm−1

are assigned to stretching in the alkylenedioxy group. The PSS vibrations appear at
1184cm−1 for the asymmetric stretching of the SO3− group and at 1042cm−1 for
the symmetric-stretching of the sulfonic group. At 1130 and 1011cm−1 the in-plane
skeleton vibrations and in-plane bending vibrations, respectively, of the benzene ring
are shown [9, 68].

The optical properties of PEDOT:PSS films have been extensively investigated
also by SE in the Vis-fUV spectral region, for example during its fabrication by elec-
trospray, spin coating and printing techniques [57, 58, 69–72]. The conductivity of
PEDOT:PSS depends strongly on its structure and morphology. The conditions for
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the formation of the desired structure can be achieved either by the synthesis of aque-
ous solutions of PEDOT:PSS with polar solvents (for example—DMSO), and/or by
the implementation of specific post deposition process conditions. Although several
explanations have been proposed, it has been mainly reported that the addition of
polar solvents produce conformational changes of the PEDOT chains and/or segre-
gation of the excess PSS that affects the film conductivity [61, 64, 66, 73, 74].

In this paragraph, we will present the latest advances on the investigation of the
effect of the addition of DMSO polar solvent on the optical and electrical properties
of PEDOT:PSS films by the use of Vis-fUVSE. Thematerial that has been used is the
formulation PH1000 PEDOT:PSS (1:2.5). The PEDOT:PSS blends were prepared
with different concentrations by weight of dimethyl sulfoxide (DMSO by Sigma–
Aldrich). The mixture of DMSO and PEDOT:PSS was adjusted, in a ratio by weight
of 1:2.5 to give final solutions of 1, 2, 3, 4, 5, 6, 7 and 10% by volume (v/v) of DMSO.
Also, the solutions were ultrasonicated for 5min prior to use. The thin films were
deposited by spin-coating on glass substrates. The substrates were cleaned prior to
the spin coating first with detergent and then in an ultrasonic bath with deionized
water, acetone, isopropanol, methanol and then they were blow dried with nitrogen.
The deposition took place inside a nitrogen-filled glove box. The spin coating speed
was 2000 rpm for 30s that resulted in thin films of thickness of ∼85nm. The spin-
coated samples were dried on a hot plate for 10min at 150 ◦C inside a N2-filled glove
box.

The optical and electronic response of the PEDOT:PSS includes an absorption
in the Vis-UV spectral region between 5.3–6.4eV that can be attributed to the
π–π∗ transitions of the benzene rings of the PSS part. Also, the absorbance of
the more conductive PEDOT part is reported to appear at lower energy values below
1.7eV [75]. For the determination of the optical response of the PEDOT:PSS with
different DMSO ratios, a combination of the Lorentz–Drude model can be used.
The Drude model can successfully describe the metallic-like behavior of PEDOT
at the low photon energies. The resistivity ρ and the electrical conductivity σ of
PEDOT:PSS can be calculated by the combination of the Drude model parameters
(the plasma energy ωp and Drude broadening ΓD) that were calculated from the
analysis procedure of the measured 〈ε(ω)〉 into the following relation [76]:

σ = 134.5
ω2

p

ΓD
. (12.5)

The Lorentz oscillator model has been used in order to describe the interband
absorption of PEDOT found at energies ∼1eV. The Tauc–Lorenz (TL) oscillator
model can accurately describe the interband transitions of the PSS [60, 66, 77]. We
have used 2TL oscillators to describe the optical absorptions of PSS at energies 5.4
and 6.3eV. Figure12.15 shows the evolution of the calculated values of the electronic
transition energies of PEDOT and PSS as a function of the DMSO concentration in
the samples.

In the case of the electronic transition of the insulating PSS part, we observe that
the increase of the DMSO concentration leads to a slight reduction of theω01

PSS from
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Fig. 12.15 Dependence of
the calculated values of
electron transition energies
of PEDOT and PSS with the
DMSO concentration in the
solution. Modified after [78]

Fig. 12.16 Calculated
(black squares) and
measured (white squares)
values of the electrical
conductivity of PEDOT:PSS
as a function of the DMSO
concentration. Modified
after [78]

5.5 eV (0% DMSO) to 5.3eV (10% DMSO). On the contrary, the ω02
PSS remains

relatively stable at 6.3 eV. However, in the case of the electronic transition of PEDOT,
we observe a reduction from 0.95eV (pristine PEDOT:PSS) to 0.8eV, whereas at 6%
DMSO concentration it reaches its minimum value to 0.7eV. At films with higher
concentration values the PEDOTelectronic transition increases to 0.75eV. Therefore,
at 6% DMSO concentration the lower absorption energy of the PEDOT part, has a
higher contribution to the conductivity of the films.

Figure12.16 shows the evolution of the calculated values of electrical conductivity
as a function of the DMSO concentration, together with the measured values by the
Van Der Pauw method. Although the measured conductivity of pristine PEDOT:PSS
without the addition of DMSO is∼0.4S/cm, we observe that the addition of DMSO,
significantly improves the electrical conductivity. More specifically, the calculated
conductivity by SE increases rapidly from 1S/cm in the pristine PEDOT:PSS to
495S/cm in the sample with 1% DMSO, whereas by increasing the % DMSO the
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calculated conductivity gradually increases up to a maximum value of 723S/cm
at the optimal concentration of 6%. At higher concentration values above 6% the
conductivity decreases but it still remains at higher values (560S/cm) than in the
case where the polar solvent concentration is lower than 6%. This behavior is also
confirmed by measured conductivity values by the Van Der Pauw method (white
squares). These results indicate an improvement of the conductivity to 662S/cm
(1% DMSO) that increases to a maximum value of 862S/cm at 6% DMSO. After
that value, there is a saturation of the conductivity to the range of 813S/cm at higher
solvent concentrations [78].

The increase in the PEDOT:PSS conductivity and therefore in the metallic-like
behavior can be attributed to the increase of the average domain size of PEDOT
particles in combination to the reduction of the insulating PSS barriers between
the PEDOT grains (less energy barriers) as a result of the increasing DMSO con-
centration [61, 73]. However, after achieving the optimal material morphology (at
6% concentration) the further increase of the solvent concentration leads to further
growth of the PEDOT domains to longer distances to each other that results to the
reduction of the films conductivity. The differences between the calculated and mea-
sured conductivity values can be attributed to the fact that the Drude model can

Fig. 12.17 Calculated real
(a) and imaginary (b) part of
the bulk dielectric function
ε(ω) of the PEDOT:PSS
films as a function of the
amount of DMSO added in
the PEDOT:PSS solution

(a)

(b)
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describe only the local electrical response within the polymer domains. On the other
side, the experimentally measured values describe the overall conductivity in the
whole area of the sample, which can also involve charge carrier hopping between
different polymer grains, and finally to higher conductivity values.

Figure12.17 shows the calculated (extrapolated) bulk dielectric function ε(ω),
that does not take into account the contribution of the substrate, based on the best-fit
parameters derived from the analysis process for the PEDOT:PSS samples grown
with different DMSO concentrations. It is clear that the metallic-like behavior of
the PEDOT:PSS is found at the lower energy range below 1eV where the Drude
contribution is shown. The pristine PEDOT:PSS shows a semiconducting behavior
whereas the PEDOT:PSS formulations have amore pronounced conductive response.
As we can see, the PEDOT:PSS film with 6% DMSO concentration shows the more
intense metallic-like behavior with a more profound absorption at low energy values.

12.4 Summary and Outlook

In this chapter we provided an overview of the implementation of SE on the optical
and electronic properties characterization of polymer:fullerene blends and compos-
ites that are used as photoactive nanolayers and transparent electrodes, respectively,
for the fabrication of OPVs. Also, it has been demonstrated that SE is a powerful
tool to be implemented as a standard method for the determination of the optical
properties of state-of-the-art materials used for the fabrication of flexible organic
electronic devices. The capability for measurement in an extended spectral region
from the IR to the Vis-fUV spectral region can provide significant information on
the materials optical and electronic properties, composition, surface and interface
roughness, morphology and component distribution (in polymer blends). This will
allow the optimization of their functionality and performance that will enable the
improvement of the efficiency, performance and long-term stability of a large variety
of organic electronic devices (such as OPVs, OLEDs, OTFTs, sensors, etc.), that can
be fabricated either by r2r printing processes or by vacuum methods. Moreover, the
capability for optical sensing in the nanometer scale combined with fast measure-
ment and analysis times (in the range of ms) will establish SE as a necessary quality
control tool for the fabrication of organic electronic devices.
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Chapter 13
Small Organic Molecules

Ovidiu D. Gordan and Dietrich R. T. Zahn

Abstract In order to improve devices based on organic thin films like organic light
emitting diodes (OLEDs) and organic photo voltaic (OPV) cells, the molecular ori-
entation has to be determined and optimized to increase the carrier mobility and the
light emission and absorption within the layers. As many of the organic molecules
possess an intrinsic molecular anisotropy, molecular ordering will induce optical and
electrical anisotropy in the films. The optical anisotropy can be used to determine
the average molecular orientation by modeling the anisotropic dielectric function
using ellipsometric measurements. An overview of the procedure, valid for planar
molecules, will be given in the first part of this chapter, with the main focus on the
Phthalocyanine molecular class. The second part of the chapter focuses on vacuum
ultra violet (VUV) ellipsometric measurements and the sensitivity gain at ultra-low
coverages. Here the discussion will be restricted to optically isotropic films.

13.1 Introduction

Organicmolecules, which in solid form exhibit semiconducting properties, were long
hailed as candidates for cheap, roll to roll electronics. As of today, organic electronics
is not anymore a faraway promise, as the huge success and growth of the smartphones
market is powered by innovations like organic light emitting diodes (OLEDs). The
recent launch of OLED TVs indicates that the OLED technology already reached
a maturation state which ensures the long life time needed in television displays.
Even in organic photo voltaic (OPV) applications, higher efficiencies than the limit
predicted by the exciton dissociation energy were reached. Plastic electronics using
organic field effect transistors (OFETs) is another field where huge progress was
made in the past decade, and probably soon we will see commercial organic based

O. D. Gordan · D. R. T. Zahn (B)
Semiconductor Physics, Technische Universität Chemnitz, 09107 Chemnitz, Germany
e-mail: zahn@physik.tu-chemnitz.de

O. D. Gordan
e-mail: ovidiu.gordan@physik.tu-chemnitz.de

© Springer International Publishing AG, part of Springer Nature 2018
K. Hinrichs and K.-J. Eichhorn (eds.), Ellipsometry of Functional
Organic Surfaces and Films, Springer Series in Surface Sciences 52,
https://doi.org/10.1007/978-3-319-75895-4_13

295

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75895-4_13&domain=pdf


296 O. D. Gordan and D. R. T. Zahn

radio frequency identification tags (ORFIDs). Compared to OPVs, OFETs, and espe-
cially to the already commercial OLEDs, molecular spintronics is still in its infancy.
However, what all these applications have in common is the search for the desired
high conductivity.

Another advantage using organic molecules is that due to the virtually infinite
combination possibilities, new organic molecules can be synthetized with specific
properties tailored to thewanted application.Twoclasses of organicmaterials are usu-
ally mentioned when talking about organic devices: polymers and small molecules.
This chapter will focus on the small molecules for which the conductivity is highly
dependent on the direction of the overlapping of the π orbitals and therefore on the
molecular orientationwith respect to the electrodes.Asmost of the organicmolecules
possess a strong intrinsicmolecular anisotropy, maximizing the overlap usually leads
to an organic molecular crystal which in turn will possess a large optical and elec-
tronic anisotropy. However, even within amorphous layers a preferential molecular
orientation can exist, which can be beneficial for device performance not only due
to the higher mobility, but also due to an increased light coupling in the active layer.
As in both cases, polycrystalline and amorphous layers, the intermolecular forces
are mediated via a weak van-der-Waals (VdW) interaction, the molecular order and
growth are highly dependent on the deposition conditions as well as on the substrate
type. Due to the large parameter space which can influence the molecular growth of
the active layer, fast, reliable, and non-destructive characterization techniques have
to be employed for understanding the growth process which will lead to device/layer
optimization. Optical spectroscopies like ellipsometry, reflection anisotropy spec-
troscopy (RAS), Raman, and Fourier transform infrared (FTIR) qualify for the above
conditions, with ellipsometry and RAS being the fastest in terms of acquisition times
as well as being readily adaptable for in situ monitoring. Therefore this chapter will
give an overview of ellipsometric applications to thin organic films formed by small
molecules. Examples will be given on how the average molecular orientation can be
determined from the optical anisotropy as well as examples on the sensitivity of this
technique to ultra-low coverage.

13.2 Phthalocyanines and Molecular Orientation
in Thin Films

An early report on determination of optical properties of organic thin films by ellip-
sometry byArwin andAspnes [1] gives a very good introduction on the effects which
surface roughness and density variations of the films have on the measured effective
dielectric function, and how this can be treated using effective medium approxima-
tions methods, which in turn give microstructural information such as void fraction.
The authors note that organic materials often condense in the amorphous state, or
as crystals with large unit cells, and their anisotropies can be large, so orientational
effects are common [1], and predict that anisotropic modelling of ellipsometric data
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Fig. 13.1 Dielectric
response of an 30nm H2Pc
layer on a SiO2/Si substrate
(after [1]). Reprinted with
permission from H. Arwin,
D.E. Aspnes, Determination
of optical properties of thin
organic films by
spectroellipsometry, Thin
Solid Films 138, 195 (1986).
Copyright 2013, with
permission from Elsevier

will be important in the future. They also report, probably for the first time, the
dielectric function of a metal free phthalocyanine (H2Pc) film on a silicon (Si) with
silicon oxide (SiO2) substrate [1], from an ellipsometric data evaluation, shown in
Fig. 13.1. As the Phthalocyanine molecule (Pcs) can be regarded as an 18 or 16 π -
electron system perturbed by the attachment of four benzoid rings, the absorption of
Pcs in the UV-visible range is due to the Q band and Soret B band, following the
nomenclature of porphyrins [2]. The lowest energy band (Q), centred at 2eV, is due
to π–π∗ transitions. The B band is also composed of π–π∗ transitions occurring in
the 4eV region. As both bands are clearly resolved in Fig. 13.1, [1] demonstrated
that sophisticated ellipsometric evaluations were not unrealistic.

The results are quite important not only due to the clear indication that ellipsom-
etry can be used to characterize organic thin layers, but also due to the historical
importance of the Pcs molecular class. Known for more than one century, since their
accidental discovery in 1907 [2], the Pcs were used in many landmark experiments,
like being the first molecule imaged with a field emission microscope in 1950 and
in 1953 the first organic crystal to yield its structure from X-ray analysis [2]. Being
a planar molecule, in most configurations, its central structure is based on the Por-
phyrin core, and can accommodate a large number of metal ions or oxides in its
central ring. A schematic representation of its structure is given in Fig. 13.2, along
with an example where the planar structure is distorted due to the vanadyl presence.

Due to their high chemical and thermal stability and their blue or green color,
the Pcs were largely used in industry as dyes [2]. It was also quite early noted that
the Pc molecules show semiconducting and photoconducting properties [5], which
combined with their early discovery made the Pcs being probably the most studied
organic molecules [2, 4]. They were proposed for gas sensing applications [6], as
wellas for OPVs [7], OFETs [8], and OLEDs [9], the number of publications being
so large that is virtually impossible to mention all here.
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Fig. 13.2 Schematic representation of VOPc and CuPc (adapted after [3])

Fig. 13.3 Types of molecular arrangements of vacuum-sublimed α-type films (after [2]). a Thin
film deposited slowly onto a substrate that does not interact strongly with the first Pc monolayers,
bmolecular stacking in thicker films, c thinfilmdeposited onto a substrate that interacts stronglywith
the initially deposited Pc monolayers. Note the indicated orientation of the stacking axis. Reprinted
with permission from H.N.B. McKeown, Phthalocyanine Materials, Cambridge University Press
(1998). Copyright 2013, Cambridge University Press

Due to their planar structure which allows a fairly large overlap of the π orbitals,
the Pcs readily form organic crystals. Unlike the covalent bonding in inorganic mate-
rials, the VdW interactions are weak. Therefore a number of different forms of
crystalline states may be displayed by the same compound. The knowledge of Pc
polymorphism is useful for understanding the structure within microcrystalline films
prepared by vacuum sublimation [2, 4], as important device properties like conduc-
tivity and light absorption/emission are highly dependent on the average molecular
orientation.

Whendepositedbyorganicmolecular beamdeposition (OMBD), thePcmolecules
usually form polycrystalline films with a typical arrangement of a herringbone like
structure, shown in Fig. 13.3 (adapted after [2]). Even if the Pc molecules have a
very strong intrinsic optical anisotropy due to its planar structure, which is inherent
transmitted to most OMBDfilms, the dielectric functions reported from ellipsometry
before the last decade, consider the layers as being isotropic [1, 10–13]. Here the ref-
erences refer to H2Pc and CuPc only. One early exception is the work by Debe [14],
who tried to approximate the anisotropic dielectric function of CuPc by investigating
two different types of oriented films—with the b-axis (the molecular stacking axis)
perpendicular and respectively parallel to the substrate surface. For each film only
the in-plane components of the dielectric function were determined. While as will be
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shown below, the Debe work [14] was well ahead of its time, the shape of the Q band
does not resemble with anything reported in the literature on CuPc. Probably the first
reliable report of the Pcs film optical anisotropy was made by Alonso et al. [15], this
time for perfluorinated CuPc (F16CuPc). Their X-ray investigations indicate that out-
of-plane ordering exists and the films have to be uniaxial anisotropic. However, the
dielectric function perpendicular to the sample surface could not be unambiguously
fitted. Therefore the authors followed a similar procedure like Debe [14], and they
used the azimuthal ordering on sapphire (Al2O3) substrates [15]. Several important
observations came out from their ellipsometric work: (i) the film morphologies and
structures were found to depend on the substrate used, its temperature during depo-
sition, and also on the layer thickness; (ii) the films on MgO and SiO2/Si are at most
uniaxial almost isotropic and biaxial with large in-plane anisotropy on Al2O3 sub-
strates; and (iii) on cooled substrates it is not possible to obtain ordered films,whereas
ordering is achieved for growth on nonintentionally (heated ∼room temperature) or
heated substrates [15]. They also define a dichroic ratio R as

R =
∣
∣
∣
∣

ε2⊥ − ε2‖
ε2⊥ + ε2‖

∣
∣
∣
∣

where the subscripts perpendicular and parallel refer to orientationwith respect to the
sapphire c axis. In this case R takes a value of 0 for isotropic films and approaches 1
for very anisotropic ones.

As visible from Figs. 13.4 and 13.5 the temperature has not only an effect on
the magnitude of the dichroic ratio, but also on the shape and magnitude of the
Q band. This is associated to a change in the Pc molecules stacking from a face to
face to a strongly slipped stacked configuration as reported for crystals of non-planar
Pcs [16, 17].

Fig. 13.4 Calculated dichroic ratios at the energies presented in the legend for F16CuPc films on
sapphire (1120) substrate as a function of substrate temperature (left) and as a function of film
thickness (right) for substrate temperatures of 230 ◦C (after [15]). Reprinted with permission from
M.I. Alonso, M. Garriga, J.O. Ossó, F. Schreiber, E. Barrena, H. Dosh, Strong optical anisotropies
of F16CuPc thin films studied by spectroscopic ellipsometry, J. Chem. Phys. 119, 6335 (2003).
Copyright 2003, American Institute of Physics
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Fig. 13.5 Comparison of the imaginary part of the dielectric function, ε2, for F16CuPc films
grown at two different substrate temperatures. The subscripts perpendicular and parallel refer to
orientationwith respect to the sapphire substrate c axis. For clarity the red spectra are baseline shifted
(after [15]). Reprinted with permission from M.I. Alonso, M. Garriga, J.O. Ossó, F. Schreiber,
E. Barrena, H. Dosh, Strong optical anisotropies of F16CuPc thin films studied by spectroscopic
ellipsometry, J. Chem. Phys. 119, 6335 (2003). Copyright 2003, American Institute of Physics

Another early report where the authors showed that H2Pc films have a strong
uniaxial anisotropy in the out-of-plane direction can be found in [18]. Here the H2Pc
layers were prepared by OMBD in high vacuum (HV) on different substrates, hydro-
gen passivated Si(111) and NaCl, which were kept at room temperature during depo-
sition. While ellipsometry measures in a first approximation the dielectric function
which lies at the intersection of the incidence plane and sample plane [19], the confi-
dence in the out-of-plane component for uniaxial samples can be increased by using
a multi-sample analysis (MSA) procedure [20, 21]. TheMSAmethod was applied in
[18] and three different thicknesses ranging from 60 to 155nm were treated together
in a MSA model. The resulting dielectric function of the H2Pc layers is presented in
Fig. 13.6.

Taking into account that the dielectric function for an isotropic H2Pc layer can
be calculated by averaging over twice the in-plane component and once the out-
of-plane one, the result from Fig. 13.6 can be directly compared with the one from
[1]. As visible there is a remarkable resemblance, not only in the shape and spectral
feature positions, but also in the absolute magnitude of ε2 in the Q-band region.
Additionally in [18] the extinction coefficient calculated from ellipsometry data
was directly compared with the one calculated from the transmission measure-
ments on NaCl substrates. The good agreement between the two different measure-
ments, combined with reflection FTIR studies performed in s- and p-polarizations
at 60◦ angle of incidence, indicates that uniaxial anisotropy has to be considered
when modeling the optical response of organic films composed of such planar
molecules.
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Fig. 13.6 Anisotropic dielectric function of H2Pc. Left—real part, right—imaginary part. Full
squares represent in-plane components, open squares out-of-plane components (modified after
[18]). With black open circles the isotropic average is compared with the result from [1]

In order to model the Q band absorption several approaches were used in lit-
erature to calculate the oscillator strength of the optical transitions for various Pc
films [22–24]. While this was made by using the second derivative of the dielectric
function, calculated from ellipsometric data, for metal tetrasulphonated phthalocya-
nine films (CuTSPc, NiTSPc and ZnTSPc) [13, 22], the analysis for H2Pc, CuPc,
and Fullerene (C60) was performed in [24] using a Kramers–Kronig (KK) analysis
of the spectrophotometric data (reflection and transmission). Two components were
found enough to model the Q band absorption of H2Pc and CuPc, while three com-
ponents were used for TSPcs. The H2Pc Q band components corresponding to π–π∗
transitions have the transition dipoles in the molecular plane, as the π orbitals are
antisymmetric with respect to the Pc plane. For CuPc only one transition is expected
due to the higher symmetry induced by the addition of the central Cu atom. As the
double structure is visible even in vapor phase (see [24] and references therein), it
cannot be attributed to a large Davydov splitting. However, when more components
are observed they usually stem from a splitting of the Qx and Qy transitions, with
dipoles lying in the molecular plane as schematically represented in Fig. 13.7. As
the absorption intensity is proportional to the cosine squared of the angle between
the electric field vector and the direction of the transition dipole, an average molec-
ular orientation can be determined from the anisotropic dielectric function. A model
was proposed by Gordan et al. [18] taking into account the polycrystalline nature of
α-phase H2Pc films. An optical anisotropy like the one in Fig. 13.6 thus indicates a
molecular growth with the staking axis (b-axis) predominantly perpendicular to the
substrate surface.

The model described in [18], can be simplified considering a molecule with two
equivalently strong dipoles (μ) in the molecular plane, perpendicular on each other.
If the molecule has an arbitrary orientation angle θ with respect to substrate as well
as an arbitrary orientation with respect to the z axis perpendicular to the molecular
plane, the average orientation can be determined using the schematic representation
from Fig. 13.7 as follows.
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Fig. 13.7 Schematic representation of a Pc molecule arbitrary oriented on a substrate (modified
after [25])

The absorption is proportional to ∼μ2 cos2(α), where α is the angle between the
electric field vector and the transition dipole. In the Eigen axis of the sample (see
Fig. 13.7) the absorption in x3 direction, perpendicular to the sample surface will be:

A⊥ = Ax3 ∼ (

μ2 cos2(γ ) + μ2 sin2(γ )
)

sin2(θ) ∼ μ2 sin2(θ).

As visible, the angle γ smears out, as is expected for two perpendicular, equivalent
dipoles. Therefore the rotation of the molecule in the xy plane plays no role in the
calculation.

In the sample plane the absorption will be proportional to:

Ax1 ∼ (

μ2 cos2(γ ) + μ2 sin2(γ )
)

cos2(θ) ∼ μ2 cos2(θ),

Ax2 ∼ μ2 cos2(γ ) + μ2 sin2(γ ) ∼ μ2.

If we have a random molecular orientation in the sample plane (i.e. around the x3
direction), the in-plane absorption will average out, and it will be proportional to

A‖ ∼ 1

2
μ2

(

cos2(θ) + 1
)

.

Therefore the ratio between the area under the in-plane absorption coefficient and
the out-of-plane one will be:

A‖
A⊥

= cos2(θ) + 1

2 sin2(θ)

giving an average orientation angle θ :
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Fig. 13.8 Left—reflection FTIR spectra of a HV CuPc sample and right of a UHV CuPc sample.
The 722 and 770cm−1 peaks correspond to out-of-plane vibrations of the CuPc molecule while the
peak at 753cm−1 and all bands above 800cm−1 are due to molecular in-plane vibrations (modified
after [26])

θ = arccos

√

2A‖ − A⊥
2A‖ + A⊥

. (13.1)

For a single dipole, e.g. a rod like molecule, the ratio will transform to:

A‖
A⊥

= cos2(θ)

2 sin2(θ)
and the average orientation angle to θ = arctan

√

A⊥
2A‖

. (13.2)

A similar treatment was performed in [26, 27] for CuPc and F16PcVO films,
respectively. For CuPc grown on hydrogen passivated Si(111) it was found that
if the deposition takes place in high vacuum conditions (HV—8 × 10−7 mbar) the
molecules adopt an average orientation angle θ of 40◦, while in ultra-high vacuum
deposited films (UHV—6 × 10−10) the average orientation angle θ is around 53◦.
The authors [26] conclude that the orientation differences may be correlated with
the markedly different pressures during growth, but an influence of the purity of the
source material cannot entirely be excluded, as 97 and 99% purity materials were
used for the HV and UHV deposition, respectively. The anisotropy of the films was
also visible in reflection FTIR spectra. As shown in Fig. 13.8 the behaviour of the IR
active modes with dipoles perpendicular to the molecular plane have a derivative like
shape in p-polarization for the HV films, while this is reversed for the UHV films.
A simulation on how anisotropic IR absorption affects the effective optical values is
briefly introduced in [28] for some polymer materials.

For F16PcVO films from [27] similar results like the ones obtained by Alonso et
al. [15] were achieved. The difference is that in [27] the anisotropy refers to in/out-
of-sample plane and to a different perfluorinated Pcmolecule. From the change in the
absorption shape, it was found that the molecules have a co-facial arrangement when
grown on fused silica substrates kept at 85 ◦C, and a head-to-tail (or slipped stacked)
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configuration on KBr at 42 ◦C. From the strong in-plane/out-of-plane anisotropy an
average orientation angle of 56◦ was determined for the silica substrates and 3◦ for the
KBr substrates. Here the change in the stacking configuration and orientation is not
only due to temperature, but mainly due to the strong molecule–substrate interaction
for the KBr case [27]. Also in this case the absorption spectra could be well simulated
from ellipsometry data only when considering the films as anisotropic.

A step forward in confirming that the molecular orientation determined from
ellipsometry is accurate can be found in [3, 29], where the average orientation
angle was also determined from FTIR and MOKE. In [29] the influence of the
deposition pressure on the average tilt angle of ZnPc molecules grown on SiO2/Si
substrates was investigated with IR spectroscopy and ellipsometry. The average ori-
entation angles calculated from ellipsometry were 61◦ and 20◦ for the high pressure
(2.4 × 10−6 mbar) and low pressure samples (3 × 10−8 mbar), respectively, while
from FTIR reflection data the angles determined were 61◦ and 19◦. The IR analy-
sis was performed comparing the ratios of the molecular in-plane and out-of-plane
IR bands, for 15◦ and 30◦ angles of incidence (AoIs) for p and s polarized light
with respect to KBr pellet transmission spectra, for which the ZnPc molecules are
randomly oriented. A formalism like the one presented in [30] was used:

2 sin2 θ

cos2 θ
= out of plane ratio

in plane ratio
.

Please note that this is equivalent with (13.2) when oriented dipoles are consid-
ered. Taking into account the s- and p- reflection FTIR spectra taken at AoIs of 15◦,
30◦, 45◦, and 60◦, together with the ellipsometric data, the anisotropic dielectric
function of ZnPc was modeled from the IR to the UV-vis region [29] (see Fig. 13.9).

While indisputably the molecular orientation can be more accurately determined
form ellipsometry in the IR spectral region than in visible, due to the pure dipole
character of the IR absorptions and the typically higher spectral contrast in the
infrared range due to spectrally separated vibrational bands, a different approach
was used in [3] to have higher determination accuracy in the visible range. Here the

Fig. 13.9 Complex dielectric function of ZnPc films prepared under high pressure (left) and low
pressure (right) (modified after [29])
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magneto-optical Kerr effect (MOKE) was measured in polar configuration for CuPc
and VOPc molecules, schematically shown in Fig. 13.2. MOKE spectroscopy is not
yet widely applied to organic molecules. Therefore going through the MOKE the-
ory and explaining how the MOKE spectra is analyzed are beyond the scope of this
chapter. The influence of the molecular orientation on the magneto-optical response
was discussed in [31] and a short description of the procedure applied to the Pc
molecular class can be found in [3]. Here three different substrates were used—Si
with native oxide and two types of hydrogen passivated substrates treated with 40%
hydrofluoric acid (HF) for 2min and 5% HF for 2min, respectively. It was found
from ellipsometry that for the first two substrates the average CuPc orientation is 85◦
and 81◦, respectively, while for the last substrate type it is 55◦. The determination
accuracywas estimated to be 4◦. TheMOKEmeasurement confirmed the determined
values, except for the 85◦ one. Here the large deviation between the expected and
measured ratio of the MOKE Q spectrum could be explained by the fact that the
molecules are oriented at 87.5◦ instead of 85◦ [3]. The authors conclude that MOKE
might be a more accurate method to assess the average molecular orientation in the
visible range than ellipsometry, and that the substrate surface roughness induced by
different passivation procedures has a large effect on the Pc molecular orientation.

13.3 Controlling the Molecular Orientation
with a Molecular Template

Besides the Pcs, another class of planar organic molecules intensively studied is the
perylene derivatives. An example of a molecular structure from this class is shown
below for the 3, 4, 9, 10-perylenetetracarboxylic dianhydride (PTCDA) (Fig. 13.10).
Its optical anisotropy in thin films and crystals was thoroughly studied with ellipsom-
etry and RAS [32–34], the mentioned references here being just an early few. While
[32, 34] treat uniaxial PTCDA films on Si and GaAs substrates, in [33] the optical
anisotropy of a PTCDA single crystal is analyzed in a similar way like described
before for F16CuPc [15]. One difference worth mentioning is that compared to Pcs
the PTCDA grows lying flat on most substrates [32, 34], with two molecules per
unit cell rotated by 90◦ with respect to each other. As the molecular orientation can

Fig. 13.10 Schematic
representation of the PTCDA
molecular structure
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be determined in a similar way as presented above for Pcs, here we concentrate on
the template effect which PTCDA has on H2Pc [35]. The effect was first studied by
Heutz et al. [36] and explained by a theoretical calculation of the VdW interaction
[37]. According to the calculations the H2Pc molecules near PTCDA will adopt a
parallel configuration as it is more energetically stable [37]. In [35] several single
layers of H2Pc and PTCDA were prepared on Si with silicon oxide and on glass.

The films showed similar growth modes on both substrates. The MSA ellipso-
metric analysis indicated that the H2Pc molecules adopt an average orientation angle
of 52◦ with respect to the substrate while PTCDA lies flat as expected. While the
MSA analysis strongly reduces the correlation between the in-plane and out-of-plane
components, here the reliability of the model was again increased as the simulated
transmittance data using the in-plane optical constants matched perfectly the mea-
sured spectra, as shown in Fig. 13.11. Fitting ellipsometry and transmission data
together will strongly increase the confidence limit for the out-of-plane components.
However, also here the accuracy of the molecular orientation angle was estimated to
be ±4◦.

Fig. 13.11 Imaginary part of the dielectric function of PTCDA and H2Pc films grown on silicon
oxide and glass and below the experimental transmission spectra on glass and the simulated ones
using the in-plane components (after [35]). Reprinted from O.D. Gordan, T. Sakurai, M. Friedrich,
K. Akimoto, D.R.T. Zahn, Ellipsometric study of an organic template effect: H2Pc/PTCDA, Org.
Electron. 7,521 (2006). Copyright 2013, with permission from Elsevier
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When grown on PTCDA the in-plane absorption of H2Pc becomes stronger than
the out-of-plane one, giving an average orientation angle of 25◦, which is very close
to the value of 27◦ deduced from X-Ray and reflection IR studies [38]. The strong
change in the molecular orientation is visible also when the in-plane components of
the films grown on glass and SiO2/Si are directly compared to the ones grown on
PTCDA (see Fig. 13.12).

When looking at the heterostructure transmission spectra from Fig. 13.13, small
deviations are visible for the 7nm H2Pc film. As this was also visible in the ellip-
sometric data [35], it indicates that the thin H2Pc film has slightly different optical

Fig. 13.12 Imaginary part of the dielectric function of H2Pc grown on PTCDA (left), and com-
parison between the in-plane imaginary dielectric function of H2Pc on glass and SiO2/Si and
the in-plane imaginary dielectric function of H2Pc on PTCDA (after [35]). Reprinted from O.D.
Gordan, T. Sakurai, M. Friedrich, K. Akimoto, D.R.T. Zahn, Ellipsometric study of an organic
template effect: H2Pc/PTCDA, Org. Electron. 7,521 (2006). Copyright 2013, with permission from
Elsevier

Fig. 13.13 Transmittance spectra ofH2Pc layers on PTCDA/glass substrateswith different PTCDA
thicknesses. For comparison the transmittance of the glass substrate is also plotted. The continuous
lines represent the model simulation of the transmittance using the in-plane components of the
dielectric function. Reprinted from O.D. Gordan, T. Sakurai, M. Friedrich, K. Akimoto, D.R.T.
Zahn, Ellipsometric study of an organic template effect: H2Pc/PTCDA,Org. Electron. 7,521 (2006).
Copyright 2013, with permission from Elsevier
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constants than the thicker films. This can be explained by the packing relaxation of
the H2Pc molecules from a lying flat configuration, close to the PTCDA interface,
to the typical α-phase herringbone structure [39]. Worth mentioning is also that a
PTCDA layer as thin as 3Å is enough to produce a drastic change in the H2Pc ori-
entation. Such ways of controlling the molecular orientation can be used to improve
device performance for which lying orientation is required.

In a demonstration by Swiggers et al. [40], it was shown that aligning 27% of
the pentacene (PEN) grains within a 30◦ range can lead to an enhancement of the
OFET current saturation by a factor of 2.5. The PEN thin films optical anisotropy
was studied by Hinderhofer et al. [41] along with a perfluorinated derivative of PEN
(PFP). Being one of the most used molecules for OFETs (see [41] and the references
therein) due to its high mobility, adding fluor atoms to the PEN structure will change
its transport behaviour from p to n type. While both PEN and PFP produce strong
anisotropic films, the electronic properties visible from the imaginary part of the
dielectric function are quite different for the two molecules. In order to have a more
accurate determination of the out-of plane components, besides a MSA analysis, the
authors in [41] used the interferences created in a thick SiO2 layer.

13.4 Amorphous Organic Thin Films

Even if so far thin film anisotropies were presented only for molecules which eas-
ily form organic molecular crystals thus usually giving polycrystalline films, more
recently it was shown [42] that even in amorphous films of small organic molecules
relevant for OLEDs, a preferential orientation can take place. This can enhance the
electric transport [43] and the efficiency in OLEDs [44]. An overview on the results
presented in [42] is given in Fig. 13.14. As the extinction coefficients for the mate-
rials presented in Fig. 13.14 are higher for the in-plane components (ordinary) than
for the out-of-plane ones (extraordinary), the authors conclude that these materials
have a preferential horizontal molecular orientation. They define an orientation order
parameter S as:

s = 1

2

〈

3 cos2 θ − 1
〉 = ke − ko

ke + 2ko
, (13.3)

where θ is the angle between the molecular long axis and the direction perpendicular
to the substrate surface. The indices o and e refer to ordinary and extraordinary,
respectively. Taking into account that the angle θ is complementary to the one defined
before, it can be easily shown that (13.3) is a more complicated formulation of (13.2).
Here S will be −0.5 if the molecules are completely parallel to the surface, 0 for
random orientation and 1 if they are perpendicular to the surface [42]. A correlation
between S and the OLEDs driving voltage was found [42, 45], indicating again that
horizontally oriented molecules provide better electrical characteristics. In [46] the
analysis was extended to in situ real time monitoring of amorphous multi-layered
structures.
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Fig. 13.14 Selected examples of anisotropic dielectric functions of amorphous organic films with
in-plane (red lines) and out-of-plane (blue lines) for several small organic molecules relevant for
OLEDs with their molecular structure schematically shown as insets (after [42]). Reprinted with
permission from D. Yokoyama, A. Sakaguchi, M. Suzuki and C. Adachi, Horizontal molecular
orientation in vacuum-deposited organic amorphous films of hole and electron transport materials,
Appl. Phys. Lett. 93, 173302 (2008). Copyright 2008, American Institute of Physics

13.5 Error Sources for Determination of Molecular
Orientation

Along this chapter, many examples of modelling optical anisotropies from ellipso-
metric data were given, and these are just a glimpse of its specific application to small
organic molecules. The last decade saw an amazing increase in the number of publi-
cations where complex optical anisotropic models were applied to a large number of
material systems from IR to VUV. While the 4 × 4 matrix algorithm which allows
the calculation of the Jones matrices for anisotropic layered structures was presented
quite early by Berreman [47], only relatively recently numerical implementations of
the formalism [48] became available in commercial software. A very good overview
of the different mathematical approaches which can be used to tackle the anisotropic
cases is given bySchubert inChap. 9 of theHandbook ofEllipsometry [49].Addition-
ally, experimental measurement procedures and approaches for different anisotropic
cases are also given in the same chapter. While rigorously correct, the numerical for-
malisms mentioned before, involve the numerical solution of matrices of nonlinear
equations, which are hard to follow from a physical view. Aspnes [19] developed

http://dx.doi.org/10.1007/978-3-319-75895-4_9
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Fig. 13.15 Left: simulated dielectric function of a CuPc: isotropic layer (black), and anisotropic
with out-of-plane component higher (blue) and lower absorption (red), respectively. Right: the
simulated effective response of an isotropic (black) and anisotropic half infinite layer using the
dielectric function of the isotropic layer for the in-plane component and varying the out-of-plane
components like in the left figure

an approximate solution of the ellipsometric equations for a biaxial crystal, based
on a first order expansion which assumes that the anisotropies are corrections to an
isotropic mean value. This procedure is not exact, but the calculation is performed
in the framework of the easily solved isotropic problem and the resulting expan-
sion gives considerable insight in the physics of the ellipsometric measurement [19].
Therefore this work clearly shows in a very intuitive way that ellipsometry measures
in a first approximation the dielectric function which lies at the intersection of the
incidence plane and sample plane. If the sample has in-plane anisotropy this reduced
sensitivity can be overcame by rotating the sample azimuthally. If the sample has
uniaxial anisotropy with one Eigen axis parallel to the sample plane, then the Jones
matrix becomes diagonal [49]. Therefore unless the sample is thick and transparent,
an ellipsometric measurement will not unequivocally yield whether the sample is
uniaxial anisotropic or not. On the other side, even for the simple case of an uniaxial
substrate, an isotropic treatment could yield a refractive index which is not neces-
sarily between the ordinary and extraordinary one [50]. Therefore, especially for
organic crystals which exhibit large optical anisotropies, effective dielectric values
measured in different crystallographic direction have to be interpreted with care. An
estimation of the differences in measured effective values can be obtained by look-
ing at the simulation1 presented in Fig. 13.15. Here the in-plane dielectric function
of the CuPc layer was artificially modified as if the layer would have +50% more
absorption in the out-of-plane direction (+) or −50% less absorption in the out-of-
plane direction (−). The corresponding real part was generated according to the KK
consistency. All simulations were performed without considering surface roughness.
For the isotropic case only the in-plane components were used.

1The simulations were done using the VASE software from J.A. Woollam Co., Inc.
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Fig. 13.16 Simulated
effective dielectric function
for a 50nm isotropic and
anisotropic film on silicon
performed in an analogous
way like the simulation in
Fig. 13.15. The dielectric
functions from the left side
of Fig. 13.15 were used for
the CuPc layer

As expected the measured effective dielectric function is equal to the real one
only for the isotropic bulk case. Going away from the bulk case, even for a 50nm
film, the measurements will yield a different effective response for an isotropic and
anisotropic film with same thickness. However, in both cases, bulk and film, the
in-plane dielectric function plays the major role in the sample optical response.
Differences of a magnitude like the ones in Fig. 13.16 could be easily introduced
by non-idealities like film inhomogeneity and/or surface roughness. Therefore a
failure of an isotropic fit is not an unequivocal proof that the sample is uniaxial
anisotropic. It is always recommended to have the uniaxial anisotropy confirmed by
other investigation techniques (e.g. FTIR, Raman, or MOKE).

Once the presence of the anisotropy is established, several methods can be used
to increase the confidence in the out-of-plane component like the MSA analysis. An
early estimation of the relative errors for such an analysis, for the case of Poly (3,4-
ethylenedioxythiophene) (PEDOT), using the model confidence limits (calculated
from correlations between the fit parameters) was given in [51]. It was found that for
the in-plane components the relative numerical errors were 1% for the real part and
4% for the imaginary one, while for the out-of-plane absorption the error could be
as large as 10%. Another way to increase the confidence limits is to use, whenever
possible, transmission data, and/or interference enhancing techniques [52]. Such an
approach was used in [53] for anisotropic polyfluorene thin films, and more recently
by Wynands et al. [54] for organic films relevant for OPVs. This last reference gives
a nice overview about the care one normally should take in evaluating and modelling
the data. The error values given above are in noway general, but are highly dependent
on the care one takes to reduce parameter correlation.

While so far a typical inaccuracy of±4◦ was given when determining the average
molecular orientation angle from ellipsometry using a 10% determination error for
the out-of-plane component, other error sources have to be considered due to the
physical simplification of the pure dipole model.
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Fig. 13.17 Left: imaginary part of the dielectric function for DIP films and right: comparison
between Frenkel exciton model and Frenkel-CT exciton model (after [55]). Reprinted with permis-
sion from Heinemeyer, R. Scholz, L. Gisslén, M.I. Alonso, J.O. Ossó, M. Garriga, A. Hinderhofer,
M. Kytka, S. Kowarik, A. Gerlach, and F. Schreiber, Phys. Rev. B 78, 085210 (2008). Copyright
2013 by the American Physical Society

A theoretical study [55] applied to diindenoperylene (DIP) thin films on oxidized
Si substrates indicated that the observed dielectric function cannot be described
by a pure Frenkel exciton. The DIP films were found to be uniaxial anisotropic
with an azimuthal random orientation, but highly oriented along the surface normal.
The imaginary part of the dielectric function from the MSA modelling procedure is
presented in Fig. 13.17. Assuming that the optical transitions arise only from neutral
excitations with dipole moments oriented in the molecular plane an average tilt angle
of 26◦ with respect to the surface normal was calculated using a similar formula
like the one in (13.2). However, if a combined Frenkel and Charge Transfer (CT)
model is used to simulate the optical properties and only the lowest absorption peak
at 2.25eV is used to estimate the molecular orientation, an angle of 17◦ was found
[55], in excellent agreement with the published crystal structure of the thin films [56].
For the Pc class the molecular orientation estimated from the Q band anisotropy was
always in very good agreement with other measurement techniques (FTIR, MOKE).
Due to the weak VdW interaction and due to the strong exciton binding energy, the
assumption that the transitions will keep their Frenkel character, when going to thin
films, is usually of common sense for most small organic molecules, however, the
spectral range has to be carefully chosen.

13.6 Ultra-Thin Films

So far the optical response and the dielectric functions reported here for the organic
materials was for relatively thick films (more than 7nm). The MSA method is
valid as long as the optical properties for the films with different thicknesses are
the same, regardless of thickness. However, when addressing very thin films in the
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monolayer and sub-monolayer regime, changes of the intermolecular interaction and
other effects are expected, and therefore changes in the optical response. The detailed
understanding of nano-scale materials is a key prerequisite for future devices, in the
context of the scaling down trend toward the molecular level. In spite of the very
high sensitivity of the ellipsometric technique, interpreting the ellipsometry spectra
for very low coverages (below few nanometers) down to a monolayer or even sub-
monolayer regime remains a challenging task as the optical path of the light through
the material is much smaller than the wavelength [57–59]. In this case it is difficult to
separate the refractive index of the film and the film thickness. Consequently only the
product of these parameters can be uniquely determined [57, 58]. A graphical repre-
sentation of this experimental limit is presented in Fig. 13.18. In the simulation the Si
dielectric function [60] and a constant refractive index were used for the substrates,
while a 0.6nm film with different refractive indexes was considered on top.

The difference δ� between the � value of the silicon substrate and the � value
of the substrate covered with 0.6nm film with a refractive index from 1.45 to 2.2
is presented in Fig. 13.18. It is clear that up to energies of 3eV it is very hard to
distinguish between the refractive index for films with such a small thickness. Thus,
in the higher energy range the refractive index of the film can be determined if the
ellipsometer has a measurement accuracy in � better than 0.5◦. The changes in the
measured � values depend also on the refractive index of the substrate, as can be
seen for the simplest case of a substrate with a constant refractive index of 1.5.

In spite of these difficulties McIntyre and Aspnes [61] proved that differential
reflection spectroscopy can be a powerful tool in investigating the optical properties
of ultra-thin films. Using spectral ellipsometry the optical response of monolayers
was successfully investigated as well [62–65]. Rossow et al. [63] presented the effec-
tive dielectric function of an As-terminated Si(111) surface compared to the one of
a clean Si(111) surface. The dielectric function of the As monolayer was evalu-
ated from a three phase model. In a study by Ritzi [62] the electronic structure of
GaP(110) and copper phthalocyanine (CuPc) overlayers was investigated. Esser et al.

Fig. 13.18 The difference δ� between the � value of a bare substrate (left—Si substrate, right—
a substrate with constant refractive index of 1.5) and � values of the covered substrates with a
0.6nm film with refractive indexes between 1.45 and 2.2
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[64, 65] used the combined information from ellipsometry, reflectance anisotropy
spectroscopy (RAS), and Raman spectroscopy to characterize the modification of
the surface properties induced by hydrogen exposure of GaAs(100) and Sb- termi-
nated GaAs(110). In this study the surface and monolayer electronic properties were
evaluated from ellipsometry data. In a more recent work Proehl et al. [66] studied the
intermolecular interaction between PTCDAmolecules with monolayer resolution by
means of differential reflection spectroscopy, revealing shifts in molecular transition
energies related to intermolecular coupling. Especially relevant in the context of this
chapter are [62, 66] along with another study [67] which showed for both Pc and
perylene classes, that shifts and changes of the optical absorption bands are expected
as a function of thickness for ultra-low coverages.

When looking at the ellipsometric evaluation of such ultrathin overlayers, a first
order approximation for the Fresnel coefficients can be used, if the substrate can be
treated as a half infinite media, and the layer thickness is below 1nm [57, 68]. Then
the ellipsometric equation can be simplified to yield a quadratic form. Therefore for
a three phase system with εa , εL , and εs being the complex dielectric functions of
ambient, overlayer, and substrate, respectively, the optical response of the system
(effective dielectric function) can be written as [69]:

〈ε〉 = εs + 4π id

λ

√

εs − sin2 ϕ
εs(εs − εL)(εL − 1)

εL(εs − 1)
(13.4)

where d is the layer thickness and φ the angle of incidence. An experimental demon-
stration for an organic thin film (Alq3) measured in the VUV range at BESSY II
can be found in [70]. The results are presented in Fig. 13.19 for a 0.65nm film on
H–Si(111) [70] along with an additional evaluation obtained for Alq3 films on ZnO
substrates. The strong shift of the Alq3 feature on H–Si(111) substrates is proba-
bly due to the high polarizability of the silicon. However, besides the high silicon
polarizability other effects like inter-molecular interactions, deformation of the Alq3
molecule on the silicon surface and the effective field induced by the arrangement
of the Alq3 molecules on the surface should not be neglected.

As the today ellipsometric measurement accuracy requirements are increased by
one order of magnitude [71], therefore an evaluation like the one presented before for
ultra-thin films could yield realistic results also in the visible range. Along with the
increased accuracy, modern ellipsometers have very fast acquisitions times, which
make them perfect tools for in situ monitoring. As already mentioned, the substrate
type and roughness, pressure conditions, purity of the source materials, and the
deposition temperature can affect the growth mode of the organic molecules. Even
small substrate off-cut angles could lead to a preferential azimuthal ordering of the
molecules [72]. This type of very small azimuthal anisotropies can be easily detected
with an ellipsometry related technique like RAS.While the direct investigation of the
RAS spectra applied to organic deposition could directly provide useful information
[73, 74] related to the growth mode, modelling RAS spectra remains challenging.
This difficulty can be overcome by using the approximation formalism demonstrated
by Seidel et al. [75] to convert the RAS spectra in pseudo ellipsometric values,
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Fig. 13.19 Comparison
between the dielectric
functions for a
sub-monolayer of Alq3 on
H–Si(111) (blue circles) and
on ZnO (dashed and doted
red lines) obtained
using (13.4). The calculated
ε2 from (13.4) is affected by
the experimental noise of
two different measurements.
For comparison a model fit
for the Alq3 on H–Si(111)
substrate is also shown

which can then be used to model the data with available ellipsometry software.
Therefore, in the context of the vast parameter space which can affect the growth
mode and molecular orientation of the organic films, such monitoring techniques
combined with appropriate measurements and evaluation procedures could provide
the necessary information needed for device optimization.
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Chapter 14
Optical Dielectric Properties of Thin
Films Formed by Organic Dye
Aggregates

Katy Roodenko and Peter Thissen

Abstract Molecular aggregates – the assemblies of dye molecules-possess distinct
optical characteristics as compared to their constituentmonomeric units. Strong reso-
nant interactions between themolecular electronic transitions of themonomers result
in an intense and narrow absorption band at a frequency that depends on the rela-
tive orientation of the monomers within the aggregates. The strong absorption bands
of these materials makes them attractive for a range of optoelectronic applications.
We review the experimental and computational work dedicated to the determina-
tion of the optical dielectric functions of molecular aggregates, with an outlook to
applications in device engineering.

14.1 Introduction

Assemblies of molecules that are held together by non-covalent interactions are
known as molecular aggregates. Certain types of molecular aggregates have been
known for their superior light absorbing properties through the collective optical
response of the constituent monomers [1–5]. Beyond the traditional use of themolec-
ular aggregates in photographic emulsions to increase the spectral sensitivity range
[3, 6], molecular aggregates are potentially attractive in chemical sensing [7, 8]
and as light harvesting material for application in optical devices [9, 10], such as
photodetectors [10] and solar cells [11–13]. The formation of aggregates was inde-
pendently discovered by Scheibe [14] and Jelley [15] and has remarkable influences
on the optical properties of the molecules as compared to those of the monomers.
Depending on the molecular order and organization of the monomer units, the
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aggregation gives rise to a sharp absorption line that is shifted either to the red or
the blue side of the spectrum. The aggregates are called J-aggregates (named after
Jelley) if they exhibit a bathochromic (shifted to lower wavelength) absorption line.
The aggregates that exhibit blue-shifted (hypsochromic) absorption line are called
H-aggregates. The sharp absorption peaks of the aggregates are ascribed to the coher-
ent delocalization of the electronic excitation over the constituent monomeric units
and are well-described by Frenkel’s exciton theory [16, 17]. Reviews of theoreti-
cal approaches for modeling of excitations in aggregates and the main experimental
techniques for studies of the optical properties of aggregates can be found in [1, 2, 17,
18].While there is a growing number of the proposed device technologies that utilize
the strong, well-defined optical absorption of molecular aggregates, there is only a
handful of publications dealing with the determination of the dielectric functions of
these materials, the knowledge of which is an important prerequisite for modeling
and engineering of the desired device properties. The focus of this chapter is there-
fore on the experimental and theoretical studies of the dielectric optical functions
of thin-film aggregates. The next section (Sect. 14.2) provides a brief overview of
the excitonic theories that allow theoretical prediction of the optical and structural
properties of molecular aggregates. Review of the computational and experimen-
tal work dedicated to the research of the macroscopic optical dielectric response is
presented in Sect. 14.3. This section also provides an insight into aggregate-based
device design that requires an input of optical constants in the simulations of device
properties.

14.2 Excitonic Properties and Molecular Structures
of Organic Aggregates

Exciton is a bonded electron-hole pair in an insulator or a semiconductor [16]. Exci-
tons play a major role in the absorption of light and the transmission of energy [19–
21]. In inorganic semiconductors, an incident photon with an appropriate energy can
excite an electron to transition from the valence band into the conduction band. The
electron and the oppositely charged hole formed in the valence band attract each other
by theCoulomb force. Inmolecular aggregates, the coupling between electronic tran-
sitions of the monomers is through Coulomb dipole-dipole interaction. Whether the
electronic excitations is transferred between the monomers depends on the strength
of the dipole-dipole interaction as compared to the intra molecular vibronic relax-
ation. Quantum mechanical classification of the weak and strong coupling regimes
was provided by Simpson and Peterson [22], while the coherent delocalization of
the electronic excitation across the aggregate is described by Frenkel exciton theory
[16].

The absorption band of the molecular aggregates appears energetically blue- or
red-shifted as compared to the absorption of the constituent monomers. Kasha et al.
[21] had attributed these shifts to the geometric arrangements ofmolecularmonomers
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Fig. 14.1 Energy diagrams for exciton band structures and geometrical arrangements of transition
dipoles (small arrows) in molecular dimers. The dashed lines indicate the forbidden exciton state;
the solid line represents the allowed exciton state of each dimer [21]. Modified and reprinted with
permission from Kasha et al., Radiat. Res. 20, 55–71 (1963). Copyright 1963, Radiation Research
Society

in the aggregates. Figure14.1 illustrates the exciton band structure and the corre-
sponding selection rules for optical transitions for different geometric arrangements
of transition dipoles in a molecular dimer.

In the case of a dimer where monomers are stacked in parallel with in-phase
transition dipole moments, the excited state energy is increased as compared to
the excited state energy of the monomer. When the transition dipoles are out-of-
phase, the exciton energy is electrostatically attractive, resulting in a reduction in
the excited state energy in the dimer. For head-to-tail aggregates with out-of-phase
transition dipolemoments, the dipole-dipole interaction is electrostatically repulsive,
resulting in increased excited state energy. The in-phase arrangement, on the other
hand, produces a reduced excited state energy due to its attractive interaction.

The long-range Coulombic interactions lead to Kasha’s exciton model as is sum-
marized in Fig. 14.2. The Coulomb coupling (JCoul) between any twomolecular units
arises from the intermolecular electronic interactions and can be expressed using the
point-dipole approximation [23],

JCoul = μ2(1 − 3cos2θ)

4πεR3
(14.1)

whereR is the intermolecular distance betweenmass centers,μ is the transition dipole
moment, θ is the angle betweenμ and R, and ε is the optical dielectric constant of the
medium (see Fig. 14.2a). The angle θ dictates the “head-to-tail” orientation (θ ≈ 0) or
the “side-by-side” (“parallel”) orientation (θ≈π/2). Inter- molecular coupling leads
to delocalized (Frenkel) excitons. When the coupling is limited to nearest neighbors,
the energy of the exciton with wave vector k is

EF (k) = Es1 + 2JCoulcos(k) (14.2)
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Fig. 14.2 a Transition
dipole geometry for
evaluating the Coulombic
coupling under the point
dipole approximation.
Exciton energy bands of
Kasha b J-aggregates and
c H-aggregates. In J- and
H-aggregates, the optically
allowed exciton (k = 0)
resides at the bottom and top
of the band, respectively. The
packing geometries
associated with each
aggregate type are shown as
insets. d Ideal absorption
spectra for J- and
H-aggregates. Reprinted
with permission from
Hestand et al., Acc. Chem.
Res. 50, 341 (2017) [23].
Copyright 2017, American
Chemical Society

where Es1 is the energy of the HOMO-LUMO electronic transition of the monomer
unit. Thenegative andpositive values of JCoul correspond to conventional J-aggregates
and H-aggregates, respectively [21], as is schematically represented by the band
dispersion EF(k) in Fig. 14.2a, b [23].

The studies of the structure and morphology of the cyanine aggregates have been
a field of active research in recent decades. One of the most extensively studied
cyanines is the pseudoisocyanine (PIC, see Fig. 14.3).

In 2002, Guo et al. [24] were able to determine the structure of pseudo-isocyanine
interpreting Raman frequencies based on the density functional theory calculations.
The molecular structure was calculated to have close C2 symmetry, with a symmetry
axis passing through the C-H bond of the central carbon atom. This central carbon
atom connects two planar quinolone moieties. These quinolone moieties are twisted
by a dihedral angle of about 46◦.

The most prominent supramolecular aggregates found in nature are built of
the chlorin precursor chlorophyll a [27–29]. Chlorophyll molecules act as light-
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Fig. 14.3 a Optimized structure of pseudoisocyanine (PIC) calculated using B3LYP/6-31G-(dp).
White spheres represent hydrogen, gray spheres represent carbon and black spheres represent nitro-
gen. Modified and reprinted with permission from Guo et al. [24], J. Phys. Chem. B 106, 5447
(2002). Copyright 2002, American Chemical Society. b Left side, top: Threadlike arrangement of
the PIC molecules derived from the X-ray analysis of PIC chloride single crystals. Both stacks are
symmetric to each other, but their inclinationswith respect to the image plane differ. The single stack
was often used as a structural model for a one-dimensional PIC J-aggregate. The chinoline rings are
sketched as rectangles, and the positions of the C-atoms were deduced based on the X-ray analysis.
Right side, top: Top view along the x-axis. Taking the hydrogen atoms and the van der Waals radii
into account, one stack can be modeled as a thread with an elliptical cross section. Bottom: Two
possible models for the PIC J-aggregate: a star-like and a tubular arrangement of six stacks within
a cylinder 2.3nm diameter. Modified and reprinted with permission from Berlepsch et al. [25], J.
Phys. Chem. B 104, 8792 (2000). Copyright 2000, American Chemical Society. c Top: Cryo-TEM
image of a PIC single quadruple helix. Middle: Simulated projection image of this helix. Bottom:
Corresponding three-dimensional view. Modified and reprinted with permission from Berlepsch
et al. [26], J. Phys. Chem. B 104, 5255 (2000). Copyright 2000, American Chemical Society

harvesting antennas in photosynthesis and have an exceptionally high molar extinc-
tion coefficients [29, 30].

The narrow absorption bands of chlorosomal J-aggregates are attractive for imple-
mentation in (opto-) electronic devices and had inspired attempts to synthesize
artificial nanostructures that can mimic natural light-harvesting systems. Different
charge and energy transport properties in ZnChl-based molecular assemblies can
be achieved through π−π stacking, hydrogen bonding, and metal oxygen coordi-
nation [27]. For instance, by functionalization of the 31-position of ZnChl with a
hydroxyl or methoxy group, tubular or stack assemblies can be induced, respectively
(see Fig. 14.4). Detailed reviews of molecular assemblies capable of photo-induced
electron transfer and charge transport can be found, for example, in [12, 27, 31, 32].
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Fig. 14.4 Chemical structures of the zinc chlorin model compound and schematic representation
of a section of tubular assemblies formed by the interplay of hydrogen bonding (red arrow), metal
oxygen coordination (blue arrow), and π − π stacking. Reprinted with permission from Sengupta
et al. [27], Acc. Chem. Res. 46, 2498–2512 (2013). Copyright 2013, American Chemical Society

14.3 Optical and Structural Properties of Molecular
Aggregates

This section reviews efforts dedicated to studies of complex optical dielectric
response of organic aggregates in thin films as well as in nanostructures. A great
amount of work had been dedicated to the synthesis of aggregates with favorable
optical and structural properties, as well as to the development of routes for surface
functionalization using molecular aggregates. Much attention had been devoted to
the development of the excitonic theories explaining experimentally observed res-
onances and relating them to the exciton states in aggregates. Optical spectroscopy
had been extensively employed to study absorption and emission of the aggregates
under different temperature, solvent and monomer concentration conditions. How-
ever, there had been relatively few reports on the measurements and calculations
of the linear dielectric response of these materials. With the growing availability
of surface functionalization techniques applicable to device engineering there is a
greater need for tabulated complex dielectric functions of the molecular aggregates.
The strong absorption peak of H- and J-aggregates can be generally described by
the Lorentz-oscillator model, discussed in the 1st chapter of this book. Numerous
studies investigating molecular aggregates and energy transfer in hybrid organic-
inorganic systems often disregard the optical anisotropy that molecular aggregates
in certain ordered films may possess. The problem of the lack of the published data
on optical anisotropy in thin-films of molecular aggregates had been acknowledged,
for example, by Cacciola et al. [33]. To justify their calculations, the authors used
polarized optical absorption measurements to verify the in-plane isotropic response
of the aggregate films that were utilized in their studies. Numerical studies on the
influences of disorder and the aggregate chain length on the optical properties, such
as the absorption line shape and the superradiant emission rate were performed
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by Fidder et al. [34], who had expressed average oscillator strength per state at a
given energy in terms of the monomer transition dipole moments. Spano et al. [35]
performed derivation of nonlinear absorption coefficients for molecular aggregates
with site disorder and reviewed formalisms describing absorption and photolumines-
cence line shapes, based on intra- and intermolecular excitonic coupling, electron-
vibrational coupling, and correlated energetic disorder. For practical purposes,
however, estimation of the oscillator parameters is frequently performed by directly
fitting the absorption and reflection/transmission spectra [36–40] or the ellipsometry
data [10, 41–44] obtained from the measurements of thin films of the aggregates. An
instructive note on interpretation of absorption spectra in thin films of polymers can
be found in [45], where the effects of morphology and interference are discussed in
details. Application of classical electromagnetic theory for derivation of the optical
parameters of macroscopic samples containing aggregates (i.e. dilute solutions of
molecular aggregates or polymer molecules, and molecular crystals) can be found
in [46].

Molecular aggregates possess optical anisotropy as dictated by the nature of their
ordered stacks of monomers [25, 47, 48]. Pockrand et al. [49, 50] had performed
studies of the exciton-plasmon interactions for isotropic and uniaxial anisotropic
films on metallic substrates. In this theoretical work, the authors studied interac-
tion of a two-dimensional exciton with a plasmon surface polariton and showed
significant differences in the reflectivity spectra that arise due to the interaction
with the isotropically oriented transition moments versus anisotropically oriented
moments. Another example that addresses anisotropic properties of thin film aggre-
gates is the study of circular and linear birefringence and dichroism of porphyrin
J-aggregates by transmission-mode phase modulated ellipsometry in [51]. Recent
studies by Shaykhutdinov et al. [52] utilized infrared nanopolarimetry to character-
izemorphology of zinc tetraphenylporphyrin system that exhibited optical anisotropy
induced by H- and J-stacking. There, IR absorption modes that are sensitive to
s- and p-polarization were identified using density functional theory (DFT).
Experimental observation of these modes was then correlated with the orientation of
the monomers within the aggregates and the domain formation during the growth of
the supramolecular crystals.

Among the different efforts to study optical dielectric function, the work by
Kirstein et al. provides an example of a systematic approach towards characterization
of Langmuir–Blodgett (LB) films of cyanine dye molecules on glass substrates [38,
53]. A lipid/dye-aggregate solution was used for molecular deposition by spreading
of the positively-charged lipid on an aqueous solution of the anionic dyes. Optical
microscopy of LB films revealed the formation of crystallites of regular shapes on
the substrate surface. The electron diffraction pattern suggested a herringbone-like
arrangement of the dye molecules. The detailed analysis of the optical properties
of the LB films showed that the molecules are arranged with their long axes in the
crystal plane but with their plane perpendicular to the crystal plane. To determine the
oscillator strength values of the absorption peaks that were observed in the optical
spectra, the excitonic band structure was calculated based on the extended dipole
model [38].
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Studies of Langmuir–Blodgett dye aggregate films of merocyanine (MC, a class
of polymethyne dyes) and squarylium (SQ, dyes characterized by a four-member
ring system derived from squaric acid) using polarized reflection and absorption
spectroscopy were reported by Wakamatsu et al. [36]. Numerical simulations of
the films were performed based on Fresnel’s equations for propagation in stratified
medium and the description of the absorption bands based on Lorentz oscillation
model. Similar simulationswere applied to studies ofmolecular aggregatesmeasured
in attenuated total reflection (ATR) configuration in ∼450–600nm spectral range,
retrieving optical properties (the complex refraction index) of SQ H-aggregate films
[36, 37].

Dielectric functions of spin-coated cationic pseudoisocyanine (PIC) J-aggregate
filmswere reported in [42, 43].Using spectroscopic ellipsometry, the complex refrac-
tive indices of the PIC films in the monomeric and aggregated forms were measured
and the dependence of the complex refractive index on the length of the carbon chain
length of N-alkyl substituents was analyzed.

Filho et al. [54] studied luminescent 2,1,3-benzothiadiazole dyes incorporated in
liquid crystal matrices. Based on the emission ellipsometry studies, the ordering of
the liquid crystal molecules and the aggregation state of the dyes were addressed.
Analysis of the degree of polarization pointed to the differences in the dye alignment
in the liquid crystal matrix in dependence on the size of the dye molecules.

Studies of nanoparticles that consist of the noble metal (Ag or Au) core and
cyanine dye J-aggregate shell had been reported in [39]. The dielectric function of
the organic shell aggregate was derived from the experimental data using Kramers-
Kronig relations. The shape and position of the peaks in the absorption spectra of the
hybrid nanoparticles showed dependence on the composite nanoparticle core/shell
size ratio and on the optical properties of the core and shell materials.

Another example of the reported dielectric functions for molecular aggregates
is provided in the last chapter of this book (“Optical constants”) that lists isotropic
optical properties of porphyrins.

Anisotropy of optical dielectric function of spin-coated thin films of thiacarbocya-
nine (TCC) dye deposited on gold and silicon surfaces using spectroscopic ellipsom-
etry and polarized IR spectroscopy was experimentally studied in [44] and applied
to the calculations of energy transfer from a point-like electric-dipole emitter in the
vicinity of an absorbing layer (energy acceptor). Atomic-force microscopy (AFM)
and optical microscopy images of spin-coated TCC films deposited on a silicon
substrate under different conditions are presented in Fig. 14.5.

Dense spin-coated TCC films generally result in a smooth, homogeneous layer as
illustrated in Fig. 14.5a. Deposition of the diluted TCC films allows observation of
discrete rod-like structures, captured by opticalmicroscopy andAFM in Fig. 14.5b, c.

Figure14.6 shows ellipsometric data tan � and � obtained from TCC on SiO2/Si
surface (Fig. 14.6a). The surface possessed morphology of a dense-film as presented
in Fig. 14.5a. The measured spectra exhibit data characteristic to the films with the
uniaxial anisotropy on a semiconducting surface. Specifically, the peak-up features in
tan� data on SiO2/Si surface in Fig. 14.6a (where tan� defined as the ratio between
the parallelly and perpendicularly polarized reflection coefficients, tan � = rp/rs)
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Fig. 14.5 Images obtained from TCC transferred on SiO2/Si substrates by spin-coating. a Dense
TCC films, exhibiting smooth, homogeneous films. b, c AFM data and an optical image obtained
from TCC film transferred from diluted solution. Modified and reprinted with permission from
K. Roodenko et al. [44], J. Phys. Chem. C. 117, 20186 (2013). Copyright 2013, American Chemical
Society

Fig. 14.6 a Ellipsometric parameters tan � (blue, left axis) and � (red, right axis) for TCC
deposited on SiO2/Si surface. Dotted lines: data obtained at 70◦ angle of incidence. Continuous
line: fit within the uniaxial anisotropic model. b Real and imaginary parts of the complex dielectric
function as derived from the ellipsometric measurements; blue: real and red: imaginary parts of the
refractive index. The dashed line represents direction parallel to the film, the continuous line repre-
sents direction perpendicular to the film plane [44]. c Schematic representation of TCC monomer.
d Spectroscopic data from J-aggregates, H-aggregates, and monomers in solution. Modified and
reprinted with permission from Yao et al. [55], J. Phys. Chem. B, 111, 7176 (2007), Copyright
2007, American Chemical Society

are due to the electronic transition dipole moments parallel to the surface and peak-
down features are due to those perpendicular to the surface.

Ellipsometric data obtained fromTCConSiO2/Si surfacewasfitted using standard
models of light propagation through stratifiedmedia [56]. The absorption peaks were
described by two Lorentz oscillators. The resulting real and the imaginary parts of
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the dielectric function are shown in Fig. 14.6b. Figure14.6d shows data obtained by
Yao et al. [55] from J- and H-aggregates, as well as from the monomers of the TCC
in solution. This data suggests that spin-coating of TCC films resulted in a mixed
film that exhibits both J- and H-aggregation.

The measured anisotropic dielectric function was further used as an input in
model calculations of energy transfer (ET) from a point-like electric-dipole emitter
into thin layers of J-aggregate acceptors [44]. The energy donor can be representing,
for example, a quantum dot or a molecular fluorophore. The model was applied to
compare the effects of a strong anisotropic dielectric resonance with those of an
isotropic case on ET. The results illustrated differences in dependence on the layer
thickness and distance from the layer. Accurate determination of the anisotropic
optical constants can thus become important in engineering of the ET-based hybrid
optoelectronic nanostructures.

Isotropic dielectric functions of J-aggregates were implemented in device engi-
neering by several groups [10, 57]. Osedach et al. [10] demonstrated a lab-scale fab-
rication of near-infrared photodetector that consists of a thin film of the J-aggregating
cyanine dye, U3, and transparent metal-oxide charge transport layers. To quantify the
exciton diffusion length and the dependence of device performance on layer thick-
nesses, experimental external quantum efficiency data was modeled using the optical
transfer matrix formalism coupled with the one-dimensional diffusion equation. The
optical constants for U3 film were determined using ellipsometry and are reprinted
from the supplementary information in [10] and shown in Fig. 14.7.

Determination of complex dielectric function of absorbing thin film that consisted
of layers of the cationic polyelectrolyte PDAC (poly diallyldimethylammonium
chloride) and J-aggregates of the anionic cyanine dye TDBC (the 5,6-dichloro-2-
[3- [5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-benzimidazolidene]-1-propenyl]-
1-ethyl-3-(3-sulfopropyl) benzimidazolium hydroxide, see Fig. 14.9a) deposited on
glass substrate was performed by Bradley et al. [58]. The analysis was performed
based on the reflection and transmission data. The thickness measured by atomic
AFM was used as the input parameter in the optical models and Kramers-Kronig

Fig. 14.7 Optical constants
for spun-cast U3 films
derived from spectroscopic
ellipsometry. Reprinted with
permission from P. Osedach
et al., Appl. Phys. Lett.101,
113303 (2012) (see
supporting information
therein) [10]. Copyright
2012, AIP Publishing LLC
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Fig. 14.8 a Real and
imaginary components of the
refractive index, (n, k) for a
5.1 ± 0.5nm thick
PDAC/TDBC film deposited
on a SiO2 substrate. Inset:
spectral data with fits
calculated from (n, k) values.
Reprinted with permission
from Tischler et al., Optics
Lett. 31, 2045 (2006) [57].
Copyright 2006, Optical
Society of America

regression was applied for retrieving of the (n, k). This analysis suggested high
absorption constant (106 cm−1) at the peak value of the measured spectrum. The
resulting complex refractive index is shown in Fig. 14.8, while the schematic view
of PDAC/TDBC molecule is shown in Fig. 14.9a.

Based on the measured optical properties of the PDAC/TDBC film, the critically
coupled resonator (CCR) with the PDAC/TDBC thin film as an absorbing layer
[57] was realized experimentally. Here,“coupling”refers to the interaction between
the incident light and the cavity-like system with an absorbing film that acts as the
couplingmaterial. Nearly all of the incident light of a givenwavelength is absorbed in
a few-nanometer-thick absorbing film. The structure of the CCR, shown in Fig. 14.9a,
consists of a dielectric Bragg reflector (DBR) as the mirror, and a thin film of organic
material as the absorbing layer. A spacer layer of transparent material that separates
the mirror and absorber layer by the correct distance is required for critical coupling.
The resulting reflectance of the DBR and the spaceral one versus the reflectance of
CCR is shown in Fig. 14.9a, demonstrating absorption of 97% of the incident light
within the 5.1nm thick absorber layer at the incident wavelength of 591nm.

We complete this section with a brief note on strong coupling in systems that
consist of emitter (dye molecules) and plasmonic metal structures. Here, “coupling”
refers to the energy exchange between the excitonic and plasmonic systems. Strong
coupling occurs when the rate of coherent energy exchange between the excitonic
and plasmonic systems exceeds the rate of the losses in the system [18, 59, 60].

Generally, the electromagnetic field of the plasmon/exciton systems can be
described as coupled oscillators that act as resonant two-level systems [59, 61].
Alternatively, the system can be described classically, where the optical properties
of the emitter (such as a polymer film coated on a metallic surface) are described
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Fig. 14.9 aCritically coupled resonator (CCR) structure and the schematic drawing of themolecule
constituting J-aggregate layer that consists of the cationic polyelectrolyte PDAC and the anionic
cyanine dye TDBC. b Measured reflectance and transmittance for the CCR with spacer thickness
of (90 ± 1) nm, along with reflectance data for the neat PDAC/TDBC film and for the dielectric
stack consisting of DBR with spacer layer. At wavelength of 591nm, the CCR absorbs 97% of the
incident light. Reprinted with permission from Tischler et al., Optics Lett. 31, 2045 [57]. Copyright
2006, Optical Society of America

by Lorentzian oscillators [59, 62]. In the strong coupling regime, the energy separa-
tion between the normal modes of the coupled oscillators is known as vacuum Rabi
splitting. Rabi splitting in microcavities and plasmonic nanostructure arrays imple-
menting J-aggregates had been studied, for example, in [60, 63–66] and reviewed in
[2, 18, 59]. To illustrate the phenomenon of strong coupling between plasmonic and
excitonic resonances, we provide example based on the work by Belessa et al. [60]
who studied interactions between surface plasmon (SP) and excitons in J-aggregate
emitters. In this example, classical electromagnetic theory was used to describe
strong coupling between metallic surface plasmons and excitons, which requires
input of the dielectric function of the aggregate layer. A layer containing TDBC
dye aggregates was deposited on a thin silver film and reflectometry spectra were
obtained in Kretschman configuration [60]. Figure14.10a shows spectra obtained at
varying angles of incident radiation. Figure14.10b illustrates the dependence of the
spectroscopically observed energy positions of the dips as a function of the in-plane
wave vector. The two branches in Fig. 14.10b are related to the coupled modes.
There is a good agreement between the experimental data (black circles) and the
data calculated based on the transfer matrix model (shown by continuous lines). The
dispersion curves of each component separately (without coupling) is illustrated by
the two dashed lines in Fig. 14.10b. The diagonal dashed line represents the plasmon
dispersion of the metallic surface, while the horizontal dashed line at 2100cm−1 is
the (uncoupled) exciton mode of the organic dye layer. The details of the model that
was used to fit the reflectometry spectra can be found in the publication by Bonnard
et al. [62]. The dielectric function εaggr was modeled using (14.3):
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Fig. 14.10 a Reflectometry spectra for different angles as a function of the incident light energy.
b Position of energy peaks (bold circles) as a function of the wave vector. The dashed line is the
dispersion relation of an uncoupled SP calculated with a transfer matrix method. The dotted line
is the TDBC exciton energy. The full lines show the calculated polariton energies. Reprinted with
permission from Bellessa et al., Phys. Rev. Lett. 93, 036404 (2004) [60]. Copyright 2004, The
American Physical Society

εaggr. = f q2
�
2

mε0Lz(e20 − e2 − iγ0e)
(14.3)

where e is the energy, f is the oscillator strength of the TDBC aggregate, γ0 is the
exciton linewidth, q is the electron charge magnitude, m is the electron mass, ε0 is
the permittivity of the free space, and Lz is the layer thickness. The oscillator strength
of the TDBC dye aggregate layer was derived based on the fits of the reflectometry
data resulting in f = 1.8 × 1014 cm−2, while the exciton line width was deduced
from absorption measurements from a dye layer supported by a pyrex substrate
γ0 = 49meV, positioned at the energy e0 = 2100meV.

Other work related to the studies of strongly coupled optical and excitonic states
in microcavities containing J-aggregates can be found, for example, in [59, 67–69].
A thorough review by Sukharev and Nitzan [18] provides a detailed discussion on
the physics of coupled exciton-plasmon systems, emphasizing the scope and the
limits of the macroscopic dielectric response models as well as of those dealing
with the microscopic representation of the coupled systems that describe processes
that are beyond the simple linear dielectric response (i.e. de-phasing and nonlinear
spectroscopy).
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14.4 Conclusions and Outlook

A growing number of experimental and theoretical research is focused on precise
control of the light-matter interaction by utilizing the strong, narrow absorption bands
ofmolecular aggregates. At the same time, reports on the systematic investigations of
the optical dielectric functions of these materials are scarce. This chapter highlights
research dedicated to studies of the optical parameters of molecular aggregates in
relation to applications in device engineering and experimental data analysis. Atten-
tion is drawn towards the necessity to expand the experimental and theoretical efforts
aimed at the studies of the dielectric functions of the increasing variety of J- and
H-aggregates.
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Chapter 15
Conjugated Polymers: Relationship
Between Morphology and Optical
Properties

Maria Isabel Alonso and Mariano Campoy-Quiles

Abstract In this chapter we will start by briefly summarizing the basic concepts of
the electronic structure of conjugated polymers. This will enable the discussion of
the relevant descriptions of the dielectric function. We will relate these descriptions
to the model parameterizations which are used in advanced ellipsometric analysis of
thin films such as those used in devices for organic photovoltaics (OPVs) and light
emitting diodes (OLEDs). Amongst other things, such parametric descriptions are
useful to deal with structural changes in conjugated polymer thin films. Once the
models are presented, we will provide representative examples of the nexus between
morphology and optical constants, and how the latter can be employed to infer aspects
of the former. First, we will discuss how chain conformation affects the optical
properties. Then, we will explain the anisotropic behavior of conjugated polymer
films due to their intrinsic molecular anisotropy and review different cases (f. i.,
oriented films or semicrystalline polymers). We will also describe structural changes
that occur upon blending polymers with fullerenes and concomitant variations of
the optical properties. Here we will focus on state of the art low band gap polymers
mixed with fullerenes. Finally, real-time ellipsometric experiments in which these
structure-property relationships can be exploited will be presented.

15.1 Introduction

Conjugated polymers are technologically interesting materials sharing the general
advantages of polymers and the optical and electrical properties characteristic of
semiconductors [1]. This unique combination of features offers substantial ben-
efits for applications in the fields of photovoltaics [2], light emitting diodes [3],
and transistors [4], where different molecular structures, morphologies and device
architectures provide the required useful functionalities (cf. Chap.12). Ideally, as
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Fig. 15.1 Chemical structures of conjugated molecules and polymers considered in this chapter

macromolecules, polymers can be designed and synthesized to achieve the desired
behavior and can be processed using low-cost solution methods to engineer a wealth
of devices. Although solution processing is probably the greatest benefit for polymer
electronics, many properties of the polymer electronic devices depend entirely on the
processing conditions andwith them, their device performance [5]. Some technologi-
cally relevant donor polymers and the ubiquitous acceptor fullerene derivative PCBM
(Phenyl-C60-butyric acidmethyl ester) are depicted in Fig. 15.1. Spectroscopic ellip-
sometry has emerged as a useful technique for the design of new materials, control
of microstructure and characterization and optimization of device-layer films [6]. It
helps to evaluate not only structural features such as film thicknesses and composi-
tion profiles but it is also the technique of choice to study the basic optical properties
of the active organic semiconducting films, which result from the combination of
both chemical nature and morphology.

In this chapter, we concentrate on these structure-property relationships, aim-
ing our attention to the UV-VIS spectral range which is relevant for optoelectronic
applications. With this focus, we will discuss the dielectric functions of conjugated
polymers and how different aspects of their morphology affect them. This will help
to explore how the nexus betweenmorphology and optical constants can be exploited
to gain information about technologically relevant processes such as blending and
monitoring real-time structural evolution during processing.

15.2 Basic Concepts

The particular balance of interactions taking place in a conjugated polymer film
determines its optical properties. These interactions are strongly affected bymorpho-
logical variations and therefore there is a strong structure-property nexus. In general,
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the basic optical behavior will be given by the properties of the polymer backbone.
However, the strong differences observed when comparing solution and solid sam-
ples indicate that the optical properties are also modified by the final microstruc-
ture resulting from the characteristics of the polymer chains (regio regularity, side
chains, weight average molar mass and polydispersity) [7] as well as the process-
ing conditions such as the applied coating technique, the choice of solvent, polymer
concentration (or viscosity of the polymer solution), drying conditions, and post-
deposition treatments [8–10]. The interactions with the substrate may also play a
role in determining the final structure, as discussed for some polymers in Chap.5.

15.2.1 Structure and Optical Properties

The structural properties of polymers have been described in Chap. 5 in connection
with their physical properties. In the case of conjugated polymers, structural aspects
acquire high importance because of their large impact on the electronic structure and
concomitantly on their optical properties and suitability for specific applications.
The semiconducting character of conjugated monomers and polymers emerges from
the bonding via sp2 hybridization among C atoms [1]. The non-hybridized p orbitals
from neighboring C atoms overlap forming π bonds, which allow for delocalization
of electrons leading to conducting or semiconducting electronic structures, depend-
ing on the bandwidth that results from the number of interacting C atoms or conju-
gation length. In common with other organic semiconductors (see Chap.13), these
materials are composed of light atoms and have relatively low packing densities.
Consequently, their dielectric constant ε1 takes low values and the dielectric screen-
ing of interactions between electrons is limited. Therefore, the Coulomb interaction
and the exchange energy between electron pairs with parallel or anti-parallel spin are
much stronger than in traditional inorganic semiconductors [11]. One consequence
of the low dielectric screening is that photoexcited electron-hole pairs (aka excitons)
are tightly bound and mostly restricted to molecular sites [12, 13]. In addition, inter-
molecular interactions are usually of the van-der-Waals type, hence weaker than the
intra-molecular covalent bonding. As a result, the optical excitations of the solids
have strong localized character and resemble the molecular spectra albeit with some
shifts and broadenings that depend on the particular microstructure. Several factors
contribute to shift and broaden the spectra and it is difficult to disentangle them.

Considering the polymer as an ensemble of repeating units, the optical spectra
will be an inhomogeneously broadened average due to dispersity and different ori-
entations of these polymer molecules. Molecular electronic transitions with vibronic
replicas reflect the significant electron-phonon interaction [14]. The frequencies of
vibrations that couple to electronic states are usually high, resulting in large total
bandwidths that in the polymer frequently give rise to broad electronic transitions.
The intensity distribution of the replicas given by the transition probabilities from the
0th vibrational level of the ground state to themth vibrational level of the excited state,
I0−m, usually corresponds to a Poisson distribution given by I0−m = (Sm/m!)e−S,

http://dx.doi.org/10.1007/978-3-319-75895-4_5
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where S is the Huang-Rhys parameter that indicates the number of quanta involved
in the vibrational excitation. The dominant transition is the 0–0 (or S0−1 ← S0−0)
only when the molecule distortion is small. Variable distances between molecules
and conformational disparity are other sources of broadening. These fluctuations
have direct influence on the strength of inter- and intra-molecular interactions, thus
the conjugation length, and with it also the spectral position of the electronic band
[15]. In general, an increased conjugation length leads to a spectral redshift. But this
spectral signature can correspond to various structural situations [16]. For exam-
ple, crystalline polymers are actually composed of both crystalline and amorphous
regions. In highly crystalline domains the chains form stacks (lamellas) where inter-
actions are favored and the optical band appears redshifted compared to amorphous
domains. Then, the spectral position of the overall band can be correlated with the
degree of crystallinity [17]. However, a redshift can also be the result of an increased
planarity (larger conjugation length) of the individual chains, especially in the case of
short repeat units. In fact, the assignment of spectral signatures observed in a polymer
film is quite complex [18]. Many features of the intricate interplay of interactions
are captured in the HJ-aggregate model [19] in which the electronically coupled
monomers in a single polymer chain behave as a J-aggregate and the π-stacked
chains interact as an H-aggregate. The J- or H-character is determined by the sign of
the Coulomb coupling which is negative between adjacent repeat units (Jintra < 0),
and positive (Jinter > 0) between neighboring chains. However, the overall behavior
of the HJ-aggregate is not intuitive because it depends on the competition between
both mechanisms including the particular configuration of the chain and also the
disorder [20]. By the mixing of interactions, relative intensities of the vibronic peaks
can also deviate from the Poisson distribution. Finally, structural differences can
also affect the observed oscillator strength. These can be associated to anisotropic
behavior or to a 3D isotropic increase in absorption due to conformational changes,
especially in increased linearity of chains of rigid monomers [21].

Table15.1 summarizes expected effects of structural variations on the optical
properties of organic semiconductors. Usually, combinations of these effects are
present in experimental situations. Particular cases of morphological changes will be
presented inSect. 15.3, focusing in different aspects of conformation and crystallinity.
We will also deal with anisotropic optical behavior in polymeric films.

15.2.2 Ellipsometry and Dielectric Function

The fundamentals of ellipsometric measurements and analysis have been presented
in Chap.1. Particular considerations and precautions to optimize measurements in
samples of conjugated polymers and to extract reliable information from them have
been recently reviewed [6]. Usually, spectra acquired at multiple angles of incidence
(VASE) and on possibly multiple samples (varying film thickness and or substrate),
are considered. Then, to extract material properties from VASE data a multilayer
optical model must be built describing the sample(s) under consideration [22, 23].

http://dx.doi.org/10.1007/978-3-319-75895-4_1
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Table 15.1 Summary of likely effects on the spectral characteristics of optical spectra expected
for several structural situations referred to the case of an isolated monomer or repeat unit

Structural change Cause Energy shift Broadening Optical density

Gas to solid Polarization ↓ ↑ ≈
J-aggregation Excitonic

coupling (J < 0)
↓ ↑ ↓

H-aggregation Excitonic
coupling (J > 0)

↑ ↑ ↑

Order Conjugation ↓ ↑ ≈
Curvature Persistence ≈ ≈ ↑

Briefly, the effect of reflection on light polarization is described applying transfer
matrix algebra. An overall reflectance matrix is obtained by multiplying individ-
ual matrices that describe reflection at each interface and propagation through each
individual layer. Therefore, parameters of the model are, besides the number of lay-
ers forming the structure, their thicknesses and dielectric functions. These may be
taken from available databases or determined from the studied spectra. The dielectric
functions of composite materials as well as roughness and intermixing layers are rep-
resented by effective-medium models. With these implementations, the reflectance
matrix can be evaluated and the parameters of interest fitted by a least-squaresmethod
to the measured spectra.

Two main data analysis approaches are commonly used to determine the optical
response of the unknown materials. In a simple case of a film on a known substrate,
or when only one of the materials in the multilayer is unknown, it is possible to run
a point-by-point numerical fit to obtain n and k by fixing the film thickness to that
found from the transparency range imposing k = 0. Direct point-by-point fits are
extremely useful as no assumptions about the spectral dependence of the unknown
optical functions are made and arbitrary dispersion relations can be reproduced. An
improvement of this numerical procedure is to model n and k by smooth functions
such as splines [24] which improves the fit convergence and smoothness of the
result. The most common approach, however, is to model the optical response of the
unknown materials using parameterized analytical functions of the energy according
to the physical properties of the studied materials [23]. The principal disadvantage of
parametric models is a loss of flexibility in the description of the dielectric function.
Only features assumed to be present by the choice of model will be represented in
the fit. They do, however, have advantages such as choosing functions that satisfy
Kramers–Kronig consistency and can be appropriately correlated to fundamental
electronic properties. Moreover, an analytical expression of the optical constants is
then available for use in other models and can be parameterized for descriptions of
alloys, for instance.

As already discussed, the optical properties of conjugated polymer films can be
quite complex due to the basic molecular nature of the polymer and the fact that
the particular conformation is decisive to determine the effective optical properties
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of the film, both in terms of spectral features (reflecting the electronic density of
states) and anisotropy (reflecting orientation). Even in a single-component film, a
multi-phase morphology is likely to occur. Because of the abundant morphological
variations in polymers, this is a case in which a physical parameterization of the
dielectric function that allows describing structural variations and transformations
by varying the model parameters is especially useful. As in many other film systems,
transparent polymers (or measurements in the transparency region) may be modelled
by a Cauchy dispersion [23], which is useful to investigate film thickness or whether
there is optical anisotropy, for instance. However, in the majority of cases it is neces-
sary to represent the absorption bands. Several authors performed systematic studies
to compare how well different line-shapes described ellipsometry data for thin con-
jugated polymer and macrocycle films [25–27]. These studies established that it was
essential to allow for asymmetric lineshapes in order to reproduce the experimental
measurements. Taking into account the physical nature of the electronic excitations
in conjugated polymers, the standard critical point model (SCP) provides the most
consistent description and it was proven to fit best the experimental data with themin-
imum number of parameters. It is based on the expression of the dielectric function
due to a critical point (CP) [11, 28]:

εCP(ω) = C − Aeiφ(�ω − Eg + i�)n, (15.1)

where n= D/2 − 1 is related to the dimensionality D= 3, 1, 0 of the CP (the depen-
dence for D=2 is logarithmic) and the phase angleφ is amultiple ofπ/2 that identifies
its kind (maximum, minimum or saddle point) for each D. In practice, φ is allowed
to take any value as a phenomenological way of accounting for combined shapes
which arise from diverse causes such as many-body interactions or even unresolved
bands. The amplitude is given by A, the transition energy by Eg, and the lifetime
broadening by �. The parameter C describes a constant background that takes into
account contributions in the UV, beyond the measured energy range. The SCPmodel
considers that the dielectric function can be reproduced by a sum of CPs. Strictly,
(15.1) only describes the most resonant term of each CP contribution to the dielectric
function and to improve the fitting of CP parameters it is advantageous to consider
numerical derivatives of the experimentally obtained dielectric function. Otherwise,
additional broad CPs may be added to account for not constant but weakly varying
backgrounds. For example, Arwin et al. [25] performed detailed line-shape analyses
of second derivative spectra determined point-by-point on polythiophene thin films.
They compared symmetric (Gaussian and Lorentzian) and asymmetric (0D and 3D
CPs) models and found that only asymmetric lineshapes were satisfactory to explain
the experimental measurements. Other authors compared several models to repro-
duce the dielectric function itself, confirming this conclusion, for instance on films
of several metal phthalocyanines [26]. For many conjugated polymers [27], the anal-
ysis of the ellipsometric data using the SCP model allowed to distinguish between
localized excitons for amorphous polymeric films, and 1D/2D delocalization of the
electronic wavefunction for highly crystalline films or containing planar conforma-
tions of chains [27]. A description based on a 1D density of states was also employed
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Fig. 15.2 aDielectric function of a PffBT4T-2OD film blade coated onto a glass slide at a substrate
temperature of 110 ◦C. The displayed curves compare results obtained both numerically (splines)
and parametrically (Standard Critical Point model). b Numerically built (expt.) and fitted second
derivative spectra compared to the derivative calculated from theparameters of the dielectric function
fit using the SCP model. Arrows mark the obtained energies in both ways. The shoulder near 2.1eV
is better resolved by the numerical derivative approach and appears much broader and somewhat
shifted for the SCP model

by Zhokhavets and co-workers in order to estimate the exciton binding energy (Eb)
from the dielectric function of polythiophenes [29]. They compared the band edge
to a modelled 1D band gap in order to extract Eb. The obtained Eb values from
this approach were about 0.6eV for P3OT [29] and also for PFO [30], in reasonable
agreement with exciton binding energies obtained with other techniques [31]. Notice
that not always parametric models have a clear physical meaning. For instance, fit-
tings with symmetric lines have been used to investigate morphological issues such
as anisotropy [32–34] but typically the oscillators included in such models were not
related to the electronic structure of the investigated organic semiconductors.

Figure15.2 shows an example of dielectric function fitting and lineshape analy-
sis on a poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-(3,3”’-di(2-octyldo
decyl)-2,2’;5’,2”;5”,2”’-quaterthiopene-5,5”’-diyl)] (PffBT4T-2OD) film deposited
at 110 ◦C. This low band gap polymer is one of the record holdingmaterials with over
11% photovoltaic power conversion efficiency. The parametric SCPmodel dielectric
function reproduces quite well the numerical result. In this case, six 0D CPs were
needed to obtain a satisfactory fit of the ellipsometry spectra, see Fig. 15.2a, one
of them at higher energy and another providing a weakly varying background. The
other four CPs (listed in Table15.2) agree with those present in the numerical second
derivative spectra shown in Fig. 15.2b in which the weaker shoulder near 2.1eV is
much better resolved and determined. This comparison illustrates the fact that sharp
and isolated transitions can be well determined by fitting the dielectric function but
weaker contributions near stronger ones can be distorted by the backgrounds.
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Table 15.2 Comparison of the fitted energies and broadenings of the four peaks plotted in Fig. 15.2b
using theSCPmodel dielectric function or the samemodel applied to the secondnumerical derivative

CP number (eV) 1 2 3 4

ESCP 1.80 1.89 2.15 2.50

E2der 1.79 1.90 2.12 2.49

�SCP 0.11 0.14 0.48 0.20

�2der 0.14 0.12 0.10 0.20

15.3 Examples of Structural Variations

Structural variations occurring in conjugated polymer device-layer films are funda-
mental to tune and optimize the optical properties for a given optoelectronic appli-
cation. Enormous efforts have thus been dedicated to understand and control the
morphologies that result from different processing routes. At the same time, the cor-
relation between thosemorphologies and the resulting optical behavior is of particular
interest. In this context, spectroscopic ellipsometry is most helpful to investigate the
link between optical properties and film microstructure.

In general, both thermodynamics and kinetics determine the polymer arrange-
ments in the film and complex structures may form with direct impact on the film’s
spectral optical behavior. Although different contributions are difficult to disentan-
gle, here we describe three main structural variations that occur in single-phase
(one-component) conjugated polymer films and correlate them to observed spectral
changes. We distinguish between conformation, crystallinity and anisotropy, which
affect in different ways the strengths of the interactions and ultimately the absolute
values and/or the energy positions of the optical bands.

15.3.1 Conformation

Conformation effects refer to intrinsic molecular properties which result both from
steric and electronic interactions. The former derive from the chain regularity, side
chain structure, and molecular weight (MW); the latter determine the torsional
potentials [35] that regulate the alignment of successive monomers. Various con-
formation variations and their effect on the optical absorption are schematically
depicted in Fig. 15.3. The case of the low-bandgap polymer thieno[3,2-b]thiophene-
diketopyrrolopyrrole (DPP-TT-T) is representative and has been well studied [21].
This low-bandgap copolymer shows photostability under prolonged excitation in the
low energy absorption band [36] and allows for high field-effect transistor mobili-
ties and good performance as the donor in solar cells [37]. These efficient qualities
are correlated to the predominant trans conformation of the polymer chains. In this
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Fig. 15.3 Schematic representation of the main conformation variations and their effect on the
position and strength of the electronic transitions

configuration, the successive monomers are rotated by approximately 180◦ relative
to each other, which leads to more linear oligomer structures than the other limit-
ing conformation case when the successive monomers are equally oriented (cis). In
the cis structure, the backbone is curved within the conjugated plane and results in
lower optical absorption [21]. Note that in this case more curved or more linear long
oligomers differ in the oscillator strength but not, to a first approximation, in the
transition energies. The observed effect is associated to the concept of persistence
length, λp, which can be thought as a relative propensity of the polymer to adopt a
linear structure. On the other hand, the transition energies are closely related to the
conjugation length, which structurally is associated to planarity. It is interesting to
think how one chain could be linear but not necessarily planar (if adjacent monomers
are rotated with respect to each other). Similarly, one chain could be planar but have
more or less curvature, if each repeat unit is bonded in cis or trans conformations.
In addition, the same effect was observed in solution and was insensitive to dilution,
confirming the intrinsically high λpvalue in DPP-TT-T [21]. Figure15.4 shows that
this effect is enhanced both with the position of the branching point on the polymer
side chains [38] and even more with the molecular weight of the polymer, which
favors an extended λp.

A different example of conformation variation is the case of the blue-light emit-
ting conjugated polymer poly(9,9-dioctylfluorene) (PFO) [39]. This material appears
in a diversity of polymorphic forms [40, 41] with different values of torsion angle
between monomers. The most interesting conformer is the β-phase in which the tor-
sion angle between adjacent monomers is 180◦. In contrast, most solution processed
films contain a broad distribution of torsion angles leading to a wormlike chain con-
formation or glassy structure. In this respect, β-phase represents an example in which
planarity is enhanced and thus conjugation length is increased. In fact, the optical
features associated to this phase are a new transition altogether. Figure15.5 shows
the refractive indices measured for two spin-coated films of PFO. In the glassy+β

sample a fraction of chain segments was driven to adopt the planar conformation,
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Fig. 15.4 Optical constants (n, k) for pristine polymer films of DPP-TT-T with a C1 and b C3
branching points (the synthesis details are given in [38]) and for several number-average molecular
weights (adapted from [21])

Fig. 15.5 Optical constants
(n, k) for glassy and
glassy +β PFO films (see
[27]) as determined by
ellipsometry. The low energy
absorption feature appears
due to the higher conjugation
length characteristic of the
planar β-phase conformation
(see sketch)

giving rise to a distinct peak at lower energy even if the β-phase fraction is below
10%. In this case, compared to the predominant disordered phase, since the fluo-
rene units are relatively short the well-defined planar chain segments have a higher
conjugation length, even if no crystallization takes place [41, 42].

15.3.2 Crystallinity

Crystallization refers to the aggregation of the polymer chains in a regular or ordered
fashion. Obviously, the degree of stereoregularity and the strength of intermolecular
interactions affect the ability of a polymer to form crystalline domains, which are
stacks of orderly folded chains (called lamellas). For a material with tendency to
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Fig. 15.6 Optical constants (n, k) for P3HT with different crystallinity. a Spectral differences
observed in films of amorphous regiorandom (RRa) and device-quality semicrystalline regioregular
(RR) material. The sketches illustrate that only the stereoregular chains are able to form crystalline
domains. b Spectrum of a well-ordered film of crystalline P3HT according to [43]. The sketch
indicates that large crystallites are associated to this spectrum

crystallize, the degree of crystallization will strongly depend on molecular weight,
as entanglement between chains appears in long molecules. Kinetic factors also
have a large influence in crystallization processes: solution processing often results
in kinetically-trapped out-of-equilibrium microstructures. However, a highly crys-
talline polymer is rarely entirely ordered, thismeans that there are amorphous regions
between lamellas and the degree of crystallinity (or paracrystallinity) is a parameter
by itself. Frequently, lamellas tend to order forming spherical regions from a nucle-
ation point called spherulites, i.e. spherical crystallites. (In thin films, the equiva-
lent 2D structures with circular symmetry are still called spherulites.) Amorphous
domains are still present within the spherulites or between their boundaries.

A well-known example of steric effect occurs in poly (3-hexylthiophene) (P3HT)
which contains a mixture of regioisomers. The relative ratio of these regioisomers
in the resulting polymer gives the regioregularity. Highly regioregular RR-P3HT
tends to crystallize easily and is preferable for applications such as transistors and
photovoltaics as both, electrical and optical properties are enhanced (see Chap.12).
On the contrary, the irregular substituent distribution in regiorandom RRa-P3HT
forces the thiophene units to twist away from planarity, hindering crystallization
[44]. Figure15.6 compares the refractive indices of regiorandom (amorphous) P3HT
and two RR-P3HT samples with different degrees of crystallinity. The spectrum of
RRa-P3HT is blue shifted and displays smaller oscillator strength compared to the
RR counterparts. The former is due to the reduction in conjugation length associated
to the frequent twists forced by steric interactions of the side chains. The latter is a
combination of a smaller average density (amorphous chains cannot pack as densely
as crystalline ones) and a lower degree of linearity in the chain (as it was discussed
in Sect. 15.3.1) The dielectric function is proportional to the density of dipoles, and

http://dx.doi.org/10.1007/978-3-319-75895-4_12
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this is in most cases proportional to the material density (see e.g., [39]). Interestingly,
the optical properties are also clearly affected by the degree of crystallinity [20, 45].
As it was discussed in Sect. 15.2.1, the main optical transitions have vibronic replica
whose intensity is described by the Huang-Rhys parameter. Samples with higher
crystallinity often result in higher intensities for the lowest vibrational levels with
respect to higher energy vibronic peaks. Moreover, the broadening of each transition
and vibronic sideband increases with disorder. To be able to distinguish vibronic
sidebands is, in itself, a sign of chain ordering. For instance, x-ray diffraction shows
that both PffBT4T-2OD (Fig. 15.2) and DPP-TT-T (Fig. 15.4) are partially ordered.
Increasing ordering in DPP-TT-T by reducing curvature leads not only to higher
overall oscillator strength, but also, to a redistribution of peak intensities in favor of
the lowest energy transitions, as observed in Fig. 15.4.

15.3.3 Anisotropy

Anisotropic optical properties originate both from the intrinsic anisotropy of polymer
chains and from thematerial microstructure. Sincemost conjugated polymers behave
as rigid-rod-likemacromolecules, even amorphous solution-processed polymer films
may exhibit preferential molecular orientation (in-plane vs. out-of-plane) giving rise
to a uniaxial dielectric tensor. Therefore, evaluation of the optical anisotropy is neces-
sary to correctly establish the oscillator strength of the transitions [6]. Higher degree
of orientation of the film associated to an increased alignment of the chains tends to
enhance the anisotropy, leading to different values of the tensor components as well
as varying transition energy positions. This is similar to the case of films made from
ordered organic small molecules (see Chap.13). Certain mixtures of orientations of
ordered as well as disordered phases normally coexist in the films giving an effec-
tive anisotropic behavior which averages to a higher symmetry [46] than that of a
perfectly ordered domain.

Figure15.7 shows the complex refractive indices determined by ellipsometry on
a regioregular (>90%) P3HT film with both random polycrystalline and oriented
spherulitic regions [47]. Interestingly, the area where orientation was suppressed was
still highly crystalline and its isotropic optical properties showed spectral features
typical of crystalline P3HT. An example of a film containing spherulites is shown
in the figure. The Maltese cross patterns centered at each spherulite viewed between
crossed polarizers evidence their birefringent nature and the radial disposition of
polymer chains, which can be parallel or perpendicular to the radial direction. The
anisotropic optical response in the measured spherulitic region was well represented,
within experimental error, by a uniaxial model with a variable in-plane optic axis
aligned with the fibers. In this case, as shown in Fig. 15.7, the index along the fibers is
higher than perpendicular to them, indicating that the polymer chains align parallel to
the fibers. Although the two reported crystalline polymorphs of regioregular P3HT
are monoclinic [48], domain misalignment and amorphous interlamellar material
leads to at most orthorhombic-like dielectric tensor, for example in biaxially strained

http://dx.doi.org/10.1007/978-3-319-75895-4_15
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Fig. 15.7 a Complex refractive index (n, k) data in two zones of a RR-P3HT film. The anisotropic
components were measured on a spherulite and the isotropic curves correspond to a region where
orientation was suppressed. The inset shows a film (2.5× 2.5 cm2)with spherulites viewed between
crossed polarizers. Adapted from [47]. b Sketch of a spherulite and preferential orientation of the
lamellas within the fibrils according to the deduced uniaxial dielectric tensor represented below

films [44]. Crystallinity can be approximately evaluated by considering that the
spectra can be represented by an average of RR and RRa mixtures [49]. For the
case of Fig. 15.7, this gives a qualitative estimation of almost complete crystallinity
parallel to the fibers whereas the isotropic and the perpendicular spectra contained
about 10–20% of RRa spectral contribution [47].

15.4 Blending

Mixing different materials into composites is often utilized in the organic semicon-
ductor field. For instance, white lighting can be achieved by blending blue, green and
red emitting materials with energy alignment as to produce cascade energy transfer
between them. In photovoltaics, blending electron donor and acceptor molecules into
the so called bulk heterojunction has emerged as the most effective way of simul-
taneously obtaining efficient charge separation of the photoinduced excitons while
maintaining good light absorption (for which relatively thick films are required).
The optical properties of blend films are, in general trends, a combination of the
optical properties of the constituents weighted by the corresponding volume frac-
tion. Figure15.8 shows the complex refractive index of blends of DPP-TT-T with the
acceptor PC70BM. The absorption profile includes the transitions of the correspond-
ing components. For instance, the main absorption band of the polymer (Fig. 15.4)
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Fig. 15.8 Optical constants
(n, k) for blend films of
DPP-TT-T-C3 and PC70BM
for several number-average
molecular weights of the
polymer (cf. [21])

is also easily observed in the blend. Not just that, the increase in absorption obtained
with increasing molecular weight is also preserved in the blends.

The new optical transitions that emerge when mixing, such as the charge transfer
excitons, have absorption strengths that are several orders of magnitude smaller
than the transitions of the individual components [50]. In this respect, one could
think of using effective medium approximations (EMAs, see Chap. 1) to describe
the optical properties of these blends provided that the two materials are well mixed
in comparison to the wavelength of light. In good solar cell systems such as those
described in Chap.12, this is the case as the domain size is limited to a few tenths
of nanometers (roughly twice the exciton diffusion length). The major difficulty
arises, however, from the fact that during the deposition of the film the two materials
interfere in the way each other would solidify when alone. It is known, for instance,
that fullerenes tend to partially prevent polymer crystallization. In terms of the optical
properties this would mean that the optical properties of each individual component
are not the same as the optical properties of that component when mixed. It has
been reported, for instance, that the degree of anisotropy decreases with blending
[51]. Moreover, the two components may be inhomogeneously distributed in the
vertical direction (perpendicular to the plane of the substrate), forming composition
profiles of the two species [52]. This will depend on the surface energies as well
as the solubilities of the different compounds in the solvent and additives used, and
ellipsometry can be employed to determine such segregation.

Since it is difficult to predict a priori the effect of blending on the morphology and
subsequent optical properties, blends are often treated as a completely new material,
as though it was an alloy. Otherwise, advanced effective medium approximations are
required which include the fact that the degree of crystallinity and orientation can
vary [53, 54].

When one of the two compounds has a robust morphology, i.e. approximately
independent of processing, ellipsometry can be used to evaluate if the optical prop-
erties of the other component have changed upon blending. For instance, blends of

http://dx.doi.org/10.1007/978-3-319-75895-4_1
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amorphous polythiophene (RRa-P3HT) with two types of fullerenes revealed that
for small amounts of fullerene there is mixing at the molecular level, i.e. the amount
of small molecules is below the miscibility limit within the polymer matrix [55]. In
this context, ellipsometry was used to deduce the optical properties of the fullerene
component in the blend, demonstrating the disappearance of the absorption bump
often associated to fullerene aggregation.

15.5 Monitoring in Real Time

The strong nexus that exists between the optical and structural properties on conju-
gated polymer thin films implies that real time ellipsometry can be employed to infer
important structural information. Perhaps the simplest case corresponds to following
the morphology as a thin film experiences thermally induced phase transitions. In
Sect. 15.3.2 we explained that the crystalline and the amorphous versions of a given
polymer have substantially different refractive indices. By exposing a thin film to a
ramp of temperature, it is possible to actually monitor the different phases directly in
a single material film. Figure15.9. shows the temperature dependent refractive index
for regioregular P3HT (after [56]). As the temperature is increased, the film expands
reducing like this the density of dipoles and thus the oscillator strength. Thermally
activated vibrations statistically decrease the conjugation length, and thus gradual
blue shifts are found upon heating. Peaks also broaden with temperature, becoming
less well resolved. These general trends can abruptly change when the temperature is
raised above a characteristic phase transition temperature. For instance, the speed at
which the aforementioned effects happen will accelerate when taking the film above
the glass transition temperature. The transition between crystalline and molten film
is, perhaps, the one that results in the largest variation in optical properties, as shown
in Fig. 15.9. Indeed, the optical properties of the molten film resemble those of the
regiorandom P3HT (see Fig. 15.6). It has been shown that the temperature depen-
dence of the ellipsometric raw data can be used to monitor phase transitions [6].
Figure15.9b, c exemplify this for a RR-P3HT film with a kink observed for the glass
transition temperature, while a sudden change is found upon melting (on heating) or
crystallization (on cooling).

Since phase transitions can depend on the geometrical confinement imposed by
the thin film geometry, their corresponding temperatures often vary with respect
to the bulk [57, 58]. The average thermal transition temperature depends thus on
film thickness. Recently, ellipsometry has been employed to determine the profile of
phase transition temperatures through the depth of thin films. Interestingly, the phase
transition temperatures at the free surface have been found to be higher than those at
the buried interphase, possibly due to the enhanced polymer packing at the surface
granted by the extra free volume [56].

Thermal annealing can also be employed in blend films and monitored upon
annealing by means of ellipsometry. Indeed, the phase diagram of polymer
and fullerene blends can be determined using this technique [59]. The polymer

http://dx.doi.org/10.1007/978-3-319-75895-4_15
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Fig. 15.9 a Optical properties of regioregular P3HT as a function of temperature (adapted from
reference [56]). The kinks just below 100 ◦C observed in the measured ellipsometric angles in b
and c are due to the glass transition, and the larger changes near 200 ◦C correspond to melting or
crystallization (see text)

crystallinity, which can be partially frustrated when processing both materials simul-
taneously, may be restored by thermal or vapour annealing the films [52]. The crys-
tallization process is accompanied by molecular diffusion in the out of equilibrium
structure formed from quenching the solution, as ordering could not be achieved
without expelling foreign molecules from the inside of a forming crystallite. Cor-
relation between these two processes has been followed using ellipsometry for the
case of P3HT blended with PCBM [52]. The complexity of blends makes them,
however, a very difficult system to model. An interesting way of investigating diffu-
sion processes isolated from crystallization was proposed by the NIST group [60].
They fabricated bilayer structures of the donor and acceptor types of molecules and
ellipsometrically followed the composition of each of the sublayers when apply-
ing temperature. They found that the glass transition of the polymer sets the onset
for fullerene diffusion. Moreover, they investigated the miscibility limits using this
approach.

Film formation has also been investigated using ellipsometry during the deposi-
tion itself. The film thinning upon solvent removal can be easily determined spectro-
scopically. Moreover, the solidification and even the existence of pre-aggregates in
solution can be identified with in situ ellipsometry [9, 10]. This technique can also be
employed to investigate the role of solvent additives during the film deposition. For
instance, ellipsometry collected during drying of a solution of the high performing
PffBT4T-ODT (see Fig. 15.1 for chemical structure) blended with PC70BM showed
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that there are two main drying regimes [61]. First, the wet film thins by evaporating
the main carrier solvent, greatly increasing the solid content concentration, and then
the solvent additive leaves very slowly the viscous film. During the second regime,
the polymer still enhances its crystallization, as the solvent additive mainly dissolves
the fullerene.

These very advanced experiments are paving the way for the use of ellipsometry
as an in situ quality monitoring tool during the fabrication of roll to roll photovoltaic
modules (see Chap. 12) [62, 63].

15.6 Summary

In this chapter we have explained the nexus between the ellipsometrically deduced
optical properties and the filmmorphology in polymer semiconductors.We have first
given an introduction to the electronic properties of conjugated polymers and how the
way in which molecules arrange in the solid state can alter the electronic and optical
properties versus isolated polymer chains. We have then correlated these with their
dielectric function, describing both the numerical inversion of the ellipsometric data
as well as the most common parametric description of the dielectric function. The
following sections explained the effect of conformation, crystallinity and molecular
orientation on the optical properties. Since blends of different materials are often the
technologically relevant architecture, especially in organic photovoltaics through the
bulk heterojunction concept, we devoted some attention to the optical properties of
blendfilms focusing on the deviations observed experimentally from the basicmixing
theories. In the final section we reviewed some of the latest results on the use of in
situ ellipsometry in polymer semiconductors, and how the optical properties can be
used as a proxy to address the major morphological changes happening upon phase
transition or during film formation.
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Chapter 16
Polarons in Conjugated Polymers

Christoph Cobet, Jacek Gasiorowski, Dominik Farka
and Philipp Stadler

Abstract Conjugated polymers and polymer blends are key components in the
development of organic electronics and (photo-) electrocatalysis. In particular, the
possibility to produce organic but highly conducting films make these compounds
very attractive. Therefore, enormous effortwas put in the understanding and improve-
ment of the electrical conductivity of polymer films. Conjugated polymers in their
pristine form are mostly insulating or rarely semiconducting. The alternating single
and double bonds in each π-conjugated polymer chain give rise to the formation of
a band gap; the HOMO-LUMO gap. Semiconducting or conducting properties are
obtained for example by optical, chemical, or electrochemical doping. The doping
can be permanent as in the case of the polymer blends like PEDOT:PSS or short term.
In both cases, the injected charge carriers commonly self-localize due to the strong
electron-phonon interaction which yields in the formation of new quasi-particles
called polarons. As a result, characteristic sub-band gap excitations emerge in optical
measurements which extend fromUV to the medium infrared spectral range. Optical
methods in general, and spectroscopic ellipsometry in particular, are thus apparent
characterization methods in scientific investigations as well as candidates to solve
in-line monitoring and control issues. In the following section, we will briefly review
the basic concepts of polymer “doping”, the formation of polarons and the origin of
sub-band gap excitations. In a survey of methods we will shortly discuss ATR-FTIR
and transmission/reflection spectroscopy results. A specific attention will be drawn
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on the in-situ spectroelectrochemical characterization, since electrochemical doping
provides control on the doping level and allows e.g. a quantification of exchanged
charges. In-situ ellipsometry could be used to monitor respective changes in the
polymer optoelectronic properties. We will not aim for an overview about known
types of conducting polymers in general or state of the art developments in organic
electronics. The focus is a discussion of the physics of UV-VIS-MIR polaronic and
electronic excitations as well as state-of-the-art ellipsometric characterization.

16.1 Introduction

In search of cheap and easy to produce materials in semiconductor technology,
organic polymers gain a lot of attention due to the enormous flexibility to tailor their
physical and chemical properties. On one hand this flexibility is certainly linked to
the huge variability in the chemical structure of polymers which can be easily modi-
fied and even further extended by producing blends. On the other hand, it is linked to
their exceptional electronic properties which combine attributes of localized molec-
ular electron orbitals with electronic band structure properties known from inorganic
crystalline semiconductors. Thus it is relatively easy to tune their behavior from
insulator to semiconductor and further to a conducting state.

16.1.1 π-Conjugation

Organic polymers are basically build up by sp2 hybridized carbon which give rise to
the formation of carbon-carbon σ-bonds (the back bone of the polymer) and double
bonds containing π-electron orbitals. In isolated small molecules or in the monomer
units of the polymer, these orbitals are verywell described in terms of a localized elec-
tron configuration. The asymmetric π hybridization of p-orbitals defines for example
the highest occupied molecular orbital (HOMO) while the symmetric π∗ counter-
part represents the lowest unoccupied molecular orbital (LUMO). The energetic gap
between these two electron levels determines in optical experiments the electronic
absorption edge Eg . With the formation of polymer chains, which may contain a
(periodic) sequence of double bonds, the π-electronic orbitals could overlap. As
a result the localized π-electrons delocalize in one dimension and form electronic
bands along the polymer chains. Polymers with these π-electron bands are known
as π-conjugated polymers. The strength of the π-conjugation depend on the specific
chemical structure but is also influenced by the conformation of the monomers in
the polymer chain. A typical example is the twist of aromatic rings in a polymer
chain which reduce the orbital overlap [1, Chap. 20] [2]. A “re-”localization of the
π-electrons in twisted configurations e.g. leads to a measurable higher HOMO-
LUMO gap (Eg) as a consequence of degenerating electron orbitals and quantum
size effect.
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Fig. 16.1 Schematic representation of filled and empty π-orbitals in an isolated monomer (a), (b)
and the formation of electronic bands due to π-conjugation in polymer chains or by intermolecular
overlapping orbitals due to a π-π-stacking (c). The thiophene rings of P3HT are chosen as a rep-
resentative example. The π-orbitals are labeled with respect to their energy and occupation highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) as well as
concerning their symmetry gerade/even (g) and ungerade/odd (u)

The polymer film properties depend on the intra-molecular configuration, but also
to a reasonable extent on the aggregation structure. If polymers aggregate in films,
Van der Waals forces between the polymer chains could yield locally in a crystal like
stacking of the polymer chains. Commonly these structures are discussed in terms of a
π-π stacking of the polymers. Independent from the question whether the underlying
dipole-dipole interaction is dominated by the π-electrons, it is evident that the inter-
chain overlap of π-orbitals could also induce an electron delocalization which is now
perpendicular to the polymer chains. Differentπ-conjugation in combinationwith the
π-π stacking may result locally in a 0D, 1D, 2D, or 3D electronic band structure. The
concept of the formation of π-electron bands is illustrated in Fig. 16.1 by means of
poly(3-hexylthiophene) (P3HT) as an example polymer. The symmetry of the system
refers to the anisotropy in the electronic and optical properties. The excitation across
the HOMO-LUMO transition is only allowed for an electric field parallel to the
P3HT polymer chains. However, the final electronic and optical properties of the
film depend very much on the ordering of the polymer chains. It should be noted
at this point that a typical polymer film contains a domain like structuring and film
properties like the conductivity or the effective dielectric function may depend very
much on the internal ordering and the domain boundaries.
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16.1.2 Polarons and Metal-Insulator Transitions

The typical band gap of conjugated polymers is larger than 1.5 eV [3]. The pris-
tine polymers are thus intrinsically insulating and conductivity is usually obtained
by charge injection, it est by a reduction or oxidation of the polymer chains. The
electron orbital/band structure reformation upon charging, however, turned out to be
rather complex and the mechanisms assigned to the finally obtained conductivity are
in parts still under discussion. A charging of the polymer by adding or removing elec-
trons does not result immediately in an incompletely filled band which could account
for a conductivity increase. Adding an excess charge in a polymer chain rather induce
locally a new equilibrium geometry which differ from that in the ground state. In
inorganic semiconductors a local crystal deformation due to an excess charge is well
known and described in terms of polarons - a concept which was first introduced
by Landau in 1933 [4]. The formation of these quasi particles, which consist of a
charge and a structure deformation, is theoretically described by the electron-phonon
interactions. The coupling is generated by the polarization field of the longitudinal
optical (LO) phonons. In the “weak-coupling limit” Fröhlich proposed from per-
turbation theory a Hamiltonian where the interaction strength is linear to the polar-
ization field and expressed by the dimensionless Fröhlich coupling constant α [5].
The formation of polarons and related excitations are thus enhanced in ionic crystals
and polar materials. Modifications of the Fröhlich model are, however, required for
systems where short-range interaction get essential (small polarons) or in case of
reduced dimensionality (1D-polarons). Such systems are better represented in the
Holstein, Holstein-Hubbard, or Su-Schrieffer-Heeger model. Concerning a detailed
description we would refer at this point to respective review papers [6, 7] and books
like those of Alexandrov et al. [8, 9].

The polaron formation in polymers is closely related to the Franck–Condon prin-
ciple. The latter concept considers conformational changes in molecules due to an
electronic excitation by a photon. The time scale of this optical excitation is much
smaller than the motion of nuclei and the optical transition thus takes place between
the ground state and an electronic plus vibrational excited state which could relax
afterwards towards the new equilibrium structure. Polarons in polymers are typically
discussed for a persistent charge transfer from an donor/acceptor to the polymer
chains or, in the case of the photo induced doping, for screened electron-hole pairs
with a long life time. The local relaxation of the polymer chains thus induces new
relatively sharp electronic levels. For the discussion of polaronic optical resonances,
we would use an empirical description of the new states which refers to an often cited
publication of Brédas and Steet [10]. Primarily, it is assumed that adding or removing
a charge in π-conjugated polymers is manly governed by a hole or an excess charge
in the π-electron bands while the σ back bone of the polymer remains intact. As
depicted in Fig. 16.2 this would yield in first approximation a delocalized hole in
the HOMO band or a delocalized electron in the former LUMO band, respectively.
However, it was mentioned already that this situation is in most of the polymers
energetically not stable. The total energy minimum of the polymer is obtained by a
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“self localization” of the charge due to a local relaxation of the polymer chain struc-
ture (Fig. 16.3). As a consequence of this relaxation the π-electrons will reorganize
locally in a new orbital structure and it is assumed in particular that the unpaired
electrons/holes form a new bonding/antibonding orbital pair which is energetically
seated in the HOMO-LUMO band gap of the pristine material (Fig. 16.2). Like in
the case of inorganic crystals, this new local structure is denoted as a polaron. The
spin ±1/2 character is e.g. detectable in electron spin resonance (ESR) also known
as paramagnetic resonance (EPR) measurements [11, Chap.7] [12]. Furthermore it
should be noted that the HOMO band is still completely occupied while the LUMO
is still empty. The polaron itself has usually a relatively high effective mass [13] and
thus none or only a minor increase of the conductivity is expectable.

In optical spectra the new polaron orbitals, however, should be measurable by
some new dipole resonances. Primarily, one could expect a new electronic transition
(P1) between the new orbitals formed by the unpaired charge which should occur
energetically below the HOMO-LUMO transition (Fig. 16.4). Additional resonances
(PEg) may arise if filled double bonds remain in the polaronic section. Such reso-
nances may overlap energetically with the HOMO-LUMO optical transition in the
remaining pristine polymer. By symmetry arguments [14] some of the transitions
between paired and unpaired π-electrons at the polaron side are not allowed or sup-
pressed. Transitions between the HOMO and LUMO bands of the remaining pristine
polymer and the polaron orbitals are also unlikely because of the small or vanishing
spatial overlap. However, as depicted in Fig. 16.4 one could expect a transition (P2)
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between the filled and half filled polaron π-orbitals [14]. The respective transition
energy is typically in the order of 0.3–0.5 eV. In many publications, the authors do
not distinguish between the latter transition and an excitation of the polaron charge
in its local potential well which we denote in Fig. 16.4 as P3. The P3 transition is
explained in the Fröhlich polaron model as a polaron scattering process where the
incoming photon is absorbed by the polaron in its ground (initial) state [15]. Upon
scattering at least one LO phonon is generated which leaves the polaron in an excited
(final) state. The onset of this absorption is thus defined by a “long-wavelength”
LO-phonon frequency. But it peaks at somewhat higher energies. The line shape and
position of the maximum depend on the Fröhlich coupling constant and the polaron
dimensionality [13]. Above the latter absorption peak, additionally LO-phonon side
bands may arises. It should be mentioned that probably neither the one-electron
model nor the Fröhlich model correctly represents the complexity of the IR excita-
tions. Both contain approximations which are not applicable in the case of strong
electron-phonon coupling in polymers.

It was pointed out already by Brédas et al. [10, 16] that the charge induced relax-
ation of the polymer in a new structure is a “manifestation of a strong electron-phonon
coupling”. As an example we use in Fig. 16.3 the relaxation of a polythiophene
polymer like P3HT after positive charging. In the pristine form the thiophene rings
are of an aromatic structure which relaxes in quinoid-like structure upon positive
charging. This transformation is accompanied by shortening of the bonds between
the thiophene rings [1, Chap. 1] [14, 17]. The before periodically tilted thiophene
rings rearrange, furthermore, in a more coplanar structure. A polaron excitation as
described before in the Fröhlich model is equivalent to a delocalization of the charge
within the polymer chain [18] and the local quinoid-like structure fades out until the
polymer chain resembles entirely in an aromatic structure.
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It should be noted that the discussed new polaron states and the respective elec-
tronic transitions are sharp and defined only in the small polaron limit. In the “large
polaron” limit intra- and/or inter-chain delocalization due to the π-π-stacking yields
in a formation of electronic bands as it was described for π-electron system in the
pristine uncharged state [14, 19, 20]. Furthermore intra- and/or inter-chain disorder
contribute additionally to a broadening of absorption peaks [21].

A bit more controversially discussed is the electronic structure in case of a “fur-
ther increased” charging which is frequently described by a situation where a second
electron is removed from a polymer chain. If it is energetically favored that the
two polarons couple, a localized distortion is obtained which contains two charges
of the same type. This quasi particle is called bipolaron and has zero (integer)
spin. The polaronic orbitals or bands are now completely empty (p-type doping)
or completely filled (n-type doping). The P1 optical absorption between the pola-
ronic orbitals/bands should therefore disappear while the P2/P3 absorption remains
or increase at bipolaronic sides (BP2/BP3). Furthermore one could expect that the
BP2 bipolaron absorption emerge at somewhat higher photon energies in compar-
ison to the P2 polaron transition due to a further shift of the (bi)polaron in-gap
levels. However, neither a vanishing of the NIR-VIS polaron absorption (P1) nor
the disappearance of the unpaired spin is an unambiguous indication of a bipolaron
formation. A reasonable increase of the polymer conductivity is usually obtained at
relatively high charge concentrations. The existence of bipolarons alone, however,
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cannot explain the increase in the conductivity. The above bipolaron model contains
again no half filled electronic bands but locally filled or empty orbitals. The effective
mass of a bipolaron should be even larger than this of a single polaron. However,
the overlap of (bi)polarons at “higher” charging levels should yield again in a for-
mation of (bi)polaron bands [22, 23]. If the correlation strength exceeds a certain
level, these bands split in filled and empty bands which are separated by a small gap
(Mott transition). Pure one-dimensional systems are supposed to be always insulat-
ing. Likewise metal-insulator transitions are discussed in presents of disorder in the
system. Local variation again cause a localization of polaron electron wave functions
and in particular one-dimensional systems tend to be insulating (Anderson transi-
tion) [24].Whether the formation of bipolarons ormetal like bands could be observed
depend very much on the particular polymer and the respective film structure. Some
examples will be discussed in the following based on optical/ellipsometric results.

All the distinct electronic orbitals and bands which come along with the forma-
tion of polarons, bipolarons, or metallic states produce, as discussed, a number of
new dipole allowed optical transitions. These changes of the optical properties in
the visible spectral range are that strong that many conjugated polymers were also
intensively studied because of their electrochromic properties [25]. The application
of conjugated polymers e.g. in electrochromic displays promised higher contrast
ratios and faster response times. Most of the conjugated polymers switch between a
transmissive and a colored state upon doping. But also switching between different
colors is possible [1, Chap. 21].

The strong optical effect of doping is used from the beginning as a probe to study
fundamental aspects of the polaron formation. By far most of the optical investiga-
tions apply reflection or transmissionmethods. In the IR spectral range enhanced thin
film sensitivity is commonly obtained within attenuated total reflection experiments
(ATR). A methodical review of these methods is provide e.g. in Chap.21 (Charac-
terization of Thin Organic Films with Surface-Sensitive FTIR Spectroscopy). But, in
particular Fourier-transform infrared (FTIR) results are usually interpreted in a pure
chemical manner by means of differential absorption properties of the investigated
film without making use of the polarization dependency. Ellipsometric experiments
are in comparison still underrepresented although the method could provide quanti-
tative results concerning the complex dielectric function (complex refractive index)
and physical parameters like the film thickness. One reason is certainly the relative
complexity of the necessary data evaluation (Chap. 1:Ellipsometry: A Survey of Con-
cepts). In the following examples, we will discuss the optical response of polarons
primarily based on ellipsometric results. But additionally we add a critical review
of some basic relationships among the different methods, with the goal to provide
a conceptional comparability and to draw the attention on fundamental deficiencies
among the optical spectra published in literature.

http://dx.doi.org/10.1007/978-3-319-75895-4_21
http://dx.doi.org/10.1007/978-3-319-75895-4_1
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16.1.3 Charge Injection

Before turning to the optical characterization of polarons, we would spend a few
words how the charge injection is achieved in the polymers. In analogy to inorganic
semiconductor technology, the charge injection in polymers is commonly referred
to the synonym “doping”. In common, it requires an electron/hole source which
could be a chemical element. But in contrast to inorganic semiconductor crystals,
this donar/acceptor is typically not inserted in the polymer chain. The finding that a
persistent doping is nevertheless feasiblewas akey step in the discoveryof conduction
polymers [26, 27] and acknowledged by the Nobel Prize in Chemistry in 2000. In
literature one can find a huge number of different “doping” recipes. But in general
they can be divided into four principal groups [11]:

(1) Chemical p- or n-type doping (oxidation or reduction): The chemical doping
was utilized in the first discovery of polymer conductivity in polyacetylene films.
The charge transfer is achieved by exposing and mixing the polymer with oxidizing
or reducing reagents which can be considered as acceptor or donor impurities in
inorganic semiconductors. In order to obtain p-type doping the polymer could be
e.g. exposed to halides like I2 or Br2 which form finally charge transfer complex
between the polymer and the I− or Br− anions. An closely related method of p-
type doping is called “protonation” where polymers containing a nitrogen atom are
exposed to acid vapor (e.g. HCl). The strong dipole moment of the acid results in
the shift of the lone electron pair at the nitrogen atom generating positive charge.
Such doping is applied for example in polyaniline or polyazomethines [28]. A n-type
doping can be obtained by exposing polymer thin films to Li [29] or Na atoms which
requires a (ulta)high-vacuum chamber.

(2) Electrochemical p- or n-type doping: A drawback of the chemical doping is in
general the difficulty to control the doping level as well as the problem of inhomo-
geneity. Electrochemical doping in contrast promise a very good control of the charg-
ing level and lateral homogeneous results. The polymer is deposited on a conducting
electrode (the working) electrode and attached in an electrochemical cell contain-
ing an electrolyte. Common electrolytes used in polymer electrochemistry consist
of organic solvents like propylene carbonate, acetone, or acetonitrile and a conduct-
ing salts like tetrabutylammonium hexafluorophosphate (TBA-PF6, C16H36F6NP),
nitrobenzol, or lithium tetrafluoroborate LiBF4 due to their broad electrochemical
window. During the electrochemical doping the working electrode supplies or col-
lects the redox electrons while anions or cations defuse from the electrolyte in the
polymer film in order to ensure the charge neutrality. The doping level is controlled
by the potential between the polymer and the electrolyte i.e. the counter electrode.
Each potential is assigned to a specific doping level defined by the electrochemical
equilibrium.

(3) Field induced “doping” - Charge injection at metal-polymer interfaces: The
concept of a field induced charging refers to the operation principle of polymer
based field effect transistors. At interfaces charges can be added or removed from
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the π-orbitals/bands of the polymer due to a contact potential difference which is
either externally applied or is a result of a different work function like in a Schottky
contact. The main difference in comparison to chemical or electrochemical doping is
the absence of counter ions introduced in the polymer. Thus the field induced doping
is not persistent if the externally applied field is switched off.

(4) Photo-induced “doping”: Photo-induceddoping canbeobtainedonly in polymer
blends. In such, thefilm is illuminatedwith light of a photon energy above theHOMO-
LUMO gap. The induced electron-hole pair can be of intra- as well as of inter-chain
character. Persistent free charges and the formation of polarons is obtained only if
the electron-hole pair separates like in a p-n junction. The life time depend on several
factors as the exciton binding energy and the band offset within the polymer blend
structure. In specific cases, air can play the role of a n-type semiconductor leading
to photooxidation process.

16.2 P3HT

Among the (semi-)conducting polymers, poly(3-hexylthiophene)(P3HT) is probably
one of the most frequently investigated model systems with applications in organic
optoelectronics like solar cells, light-emitting diodes, or transistors [30]. P3HT is a
p-type (hole) conducting polymer. In organic photovoltaic devices it is used for
example in the active layer as an electron donor material. P3HT is relatively ease to
synthesize and shows pronounced optoelectronic properties which make it also an
ideal model system in order to study the fundamental properties of doping in poly-
mers. Details concerning the application of P3HT in organic photovoltaic (OPV) and
organic light emitting diodes (OLEDs) as well as a discussion of the pristine material
optical properties are also presented in Chaps. 12 (Polymer Blends and Composites)
and 15 (Conjugated polymers: Relationship between morphology and optical prop-
erties).

16.2.1 Dielectric Function

Figure16.5 shows the dielectric function (DF) of regioregular (rr-)P3HT as it is
known for the pristine undoped state. The presented spectrum was measured by
transmission ellipsometry on a 56nmfilm in electrolyte at potentials where the P3HT
is completely undoped. Unintentional doping by illumination or oxidation from air
is thus avoided. The film was spin-casted on glass covered with indium-tin oxide
(ITO) [31]. Details about the measurement will be described in the section about the
electrochemical doping.

The example P3HT film shows a very strong out-of-plane anisotropy. The oscil-
lator strength of the contributing absorption resonances is strongly reduced in the

http://dx.doi.org/10.1007/978-3-319-75895-4_12
http://dx.doi.org/10.1007/978-3-319-75895-4_15
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Fig. 16.5 a Anisotropic dielectric function of un-doped P3HT measured by transmission ellip-
sometry. The black line corresponds to the in-plane while the dashed gray line corresponds to the
out-of-plane component. The film under investigation was spin casted on a glass substrate covered
with ITO and is measured in a 0.1 M Bu4NPF6 electrolyte solution in anhydrous acetonitrile at
a potential of −200 mV against a Ag/AgCl quasi reference electrode. b Absorption spectrum of
the un-doped P3HT film calculated from the ellipsometric results (black line) in comparison to an
absorption spectrum measured in transmission through a P3HT solution in chlorobenzene (gray
line) [31]

DF perpendicular to the surface in the presented spectral range. Such a behavior
is typical for P3HT [32] and many other conjugated polymer films [33, 34] where
the interaction with the substrate provokes a predominate alignment of the polymer
chains parallel to the interface. A detailed ellipsometric study of the anisotropy of
P3HT was published in [32]. In this work the authors discuss also the influence of
the substrate by comparing spin-coated and drop-cast P3HT films on glass and Si.
The orientation selectivity of excitations is explainable by the common nature of the
contributing absorption structures in the considered spectral range. All the near band
gap optical transitions in P3HT are dipole π-π∗ transitions. Their excitation requires
an electric field component parallel to the P3HT conjugated polymer chain [35]. An
out-of-plane excitation of the π-π∗ transitions in the visible and ultra violet spectral
range (VIS-UV) is thus dipole forbidden if the polymer chains are all parallel aligned
to the surface.

In this connection it should be noted that the measured anisotropies are obtained
by assuming a homogeneous film. Such a commonly used assumption actually needs
to be confirmed. However, since a strong out-of-plane anisotropy is observed also by
“averaging” over the whole film, on can assume that the average volume fraction of
the polymer strands with a perpendicular orientation to the surface is generally small.
In other words the substrate induced polymer orientation of the polymers retains in
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the entire film. This behavior can be explained by a relatively strong inter-molecular
interaction and is discussed in polymers by means of the π-π stacking [31–34].

The absorption onset of P3HT in the pristine “undoped” form is induced by a
distinct resonance at 2.04 eV which is assigned to a delocalized inter-chain singlet
exciton (IEX) [36]. Two more resonances follow energetically above the IEX at 2.20
and 2.37 eV almost equidistant in energy. The latter transitions are vibronic side-
bands of the IEXwith an additional excitation of one or twoLO-phonons (Fig. 16.5a).
The relatively broad absorption structure between 2.6 and 2.7 eV is finally attributed
to the screened intra-chain HOMO-LUMO transition (Eg) and thus coincide to
π-π∗ transition in isolated P3HT polymer chains. The latter association gets evident
if one compares the absorption spectrum of the film (calculated from the in-plane
DF) with the absorption spectrum measured e.g. in transmission for diluted P3HT.
Such a comparison is shown in Fig. 16.5b. The diluted and therefore separated P3HT
polymer chains disclose only one relatively broad absorption peak around 2.7 eV
which is the just defined intra-chain HOMO-LUMO transition. The distinct film res-
onances at lower energies are absent. A small red shift of the film HOMO-LUMO
transition is explainable by the polarizability of the surrounding P3HTmolecules i.e.
coupling and screening effects.

The inter-chain character of the IEXwas demonstrated based on its dependency on
the degree of the π-π stacking and the crystallinity of the film (Fig. 16.1). Generally,
it could be shown that the IEX amplitude vanish for totally disordered films or P3HT-
blend structures where the individual P3HT chains have no direct contact [37, 38].
Figure12.4 in Chap.12 shows for example the effect of thermal annealing on the IEX
structures for spin coated P3HT films. Worth mentioning in this connection is the
relative large oscillator strength of the HOMO-LUMO transition in the out-of-plane
filmDF (dashed line in Fig. 16.5a). If we consider that the π-π∗ transitions require an
electric field component parallel to the polymer chains, we can conclude that a non
vanishing absorption in the out-of-plane DF yields from polymers which are upright
orientated to the substrate plane. Such amolecular orientation is in particular expected
in disordered areas where the IEX contributions are small. A detailed analysis of the
optical anisotropy of π-π∗ transitions could thus provide already further insights in
the inner film structure.

16.2.2 Iodine Doping

Asmentioned before, chemical doping by exposing conjugated polymers to oxidizing
or reducing agents was used already in the first attempts to modify the electronic
properties of polymers. Iodine is one of the strongest oxidizing elements and is thus
often used in order to obtain p-type doping i.e. a positive charging of the polymer. In
general all p-type doping methods should produce very similar changes in the optical
absorption spectra. According to the polaron picture described in the introduction,
some new transitions in energy below the absorption edge are expected [39, 40].

http://doi.org/10.1007/978-3-642-40128-2_12
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Fig. 16.6 In-plane dielectric function of P3HT (structure in the inset) in the nominally undoped
(black line) and iodine saturated doped state (blue line). The imaginary part of dielectric function
is plotted in the left panel (a) and the real part in the right panel (b) [41]

The iodine doping of P3HT is therefore used as a prototype example in order to
demonstrate the doping induced changes in the optical response of polymers.

We use again a rr-P3HT film of 35nm which was spin casted on an ITO/glass
substrate as an example. The particular film was annealed at 150 ◦C for 3min in a
nitrogen atmosphere. The doping was performed by exposing the sample to iodine
vapor for 10 min. A relatively long doping time is used in order to obtain a satura-
tion which allows a subsequent ellipsometric measurement under relatively stable
conditions [41]. The DF of the iodine doped P3HT is shown in Fig. 16.6 (blue line)
in comparison to the as before measured DF of the pristine film (black line). Within
the used measurement geometry the calculated DF represents the in-plane DF com-
ponent.

After doping the film optical properties disclose two eye-catching modifications.
The π-π∗ transitions measured before between 2 and 3.5 eV appear now very much
reduced in amplitude. At the same time a new peak shows up at 1.6 eV. Both changes
resemble the before discussed formation of polaronic states in the band gap of the
pristine material (Fig. 16.2). The new absorption feature at 1.6 eV thus refers to the
P1 transition as shown in Fig. 16.4. The unpaired spin in the polaron state is proven
e.g. in EPR measurements [42].

A closer inspection of theDF changes upon iodine doping discloses further that the
remaining, as well as the new appearing absorption features broaden in comparison
to the pristine material. This broadening turned out to be not specific for the iodine
doping but is rather a result of a more principle property. Among the new polaron
transition feature we could expect again a splitting due to the formation of inter chain
excitons and respective LO-phonon replica as discussed in the pristine material. The
self localization of the positive charge within a polymer chain was already discussed
in terms of a local relaxation of the polymer structure. In the case of P3HT, the
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π electron system change from an aromatic configuration in a quinoid-like structure
upon doping (Fig. 16.3) [10, 40]. The relaxation is expected to extend at least over
three monomers (Figs. 16.3 and 16.12) and includes a planarization of the monomer
units [16, 19, 43]. The polaron electronic states thus broaden due to the spreading of
the polarons with in the chain (large polaron approximation) and the interaction of
neighboring π-π stacked polymer chains. The latter yields in an additional splitting
of polaron states and the formation of bands (2-3D polarons) [14, 22]. Both effects;
the delocalization of polaronic states along as well as perpendicular to the polymer
chains; were already discussed for the undoped π electron orbitals and visualized in
Fig. 16.1. Different is now that undoped and doped areas as well as various degrees
of localization of the polarons could coexist in the film which leads to an increased
complexity and general broadening of the contributing absorption structures.

The quantitative determination of the filmDF bymeans of ellipsometric measure-
ments allows additionally a discussion of the different transition oscillator strength.
In the case of the iodine doped P3HT it is already visible by eye that the decrease of
the transition strength between 2 and 3.5 eV is not compensated by the new structure
around 1.6 eV. At the same time the DF above 3.5 eV does not change on the doping
at all. By sum rule arguments, the first moment of the imaginary part of DF is propor-
tional to the density of the contributing (π) electrons [45, 46]. However, the p-type
charging alone could not explain the overall reduction of the transition strength in
the spectral range between 1 and 3.5 eV. The missing oscillator strength is thus most
likely shifted to transitions in the IR. According to the drawn polaron theory at least
one additional electronic transition is expected in the IR - the P2 transition depicted
in Fig. 16.4.

Fig. 16.7 Iodine doping
induced changes in the P3HT
optical response measured
by ATR-FTIR after 12 s
exposure [44]
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Typically ATR-FTIR spectroscopy is used to analyze the polaronic absorption of
thin films in the IR spectral range. Figure16.7 shows a differential ATR spectrum of
the iodine doped P3HT film [44]. Accordingly, the absorption increases in the whole
IR spectral range. But the new absorption emerges clearly in two distinct spectral
regions. A broad doping induced absorption band appears above 1800 cm−1 which
contain various contributions and the line shape differs from the simple Lorentz
oscillator model [8, 9]. However, in principle the band is attributed to the π-electron
in-gap transition P2 and the polaronic excitation/relaxation P3 (Fig. 16.4). In the
Fröhlich polaron model, the P3 transition is described as a LO-phonon excitation.
The onset of the broad P3 absorption band at 1800 cm−1 is in this model defined
by the long wavelength LO-phonon frequency. In terms of the discussed doping
induced structure relaxation in the P3HT polymer chain, the P3 excitation could be
interpreted as a delocalization of the polaron as presented in Fig. 16.3.

Below 1800 cm−1 new doping induced infrared active vibrations (IRAV) modes
appear [47, 48]. Before just Raman active modes are activated by the polaron due to
changes in the symmetry relative to the pristine material. The high intensity of IRAV
mode absorption is again a result of the electron-phonon coupling. The IRAV-modes
may are additionally superimposed by a broad absorption feature which is attributed
to a charge transfer transition (CT) between the polymer chains [21].

16.3 Electrochemical Doping of P3HT

An obvious problem of the iodine doping and the chemical doping in general is
the lack of control concerning the amount of transfered charges or in other words
the oxidation/reduction stage of the of the polymers. Closely related to the control
problem is also the question of a quantification of the charging. Like in the described
iodine doping one can probably find saturation at a certain density but the instability
on one hand and the re-crystallization of iodine in thefilmon the othermake it difficult
to obtain reproducible results. The electrochemical doping of conjugated polymers in
contrast provides full control on the induced charge density by means of the applied
electrochemical potential. By cyclic voltammetry (CV) or in chronoamperometry it
is furthermore possible to quantify the charge transfer. Electrochemical impedance
spectroscopy could provide additionally a determination of the conductivity upon
doping variations [49].

Spectroelectrochemical investigations of polymers are therefore already widely
used to study doping induced fundamental aspects like a structural relaxation, an
insulator to metal transition, changes of the electronic structure and the formation
quasi particles like polarons [50–53]. The applied in-situ spectroscopic methods are
almost exclusively of absorption and reflection type. An analytical disadvantage of
the electrochemical approach could be seen in the fact that the filmunder investigation
is covered with an electrolyte which is usually not transparent over wide areas in the
IR spectral range. (FTIR)-ATR spectroscopy has in this connection the advantage
that the light transmission through the electrolyte is avoided.
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16.3.1 (Spectro-)Electrochemistry

For spectroelectrochemical investigations on rr-P3HT, an electrochemical cell like
the quartz cuvette as shown in Fig. 16.10b could be used. In such a cell the polymer
film is deposited on a conducting substrate (ITO/glass) and is used as the work-
ing electrode (WE). The electrochemical potential E of the WE is controlled by a
potentiostat with respect to a reference electrode. In the given example a Ag/AgCl
wire is used as a quasi reference electrode (QRE) [54]. The potential dependent
electrochemical charge transfer due to an oxidation or reduction of the polymer film
is measured as a current between the WE and a counter electrode (CE) which is
typically made of platinum. A common electrolyte solution is composed of 0.1 M/L
Bu4NPF6 (Bu4NPF6 −−⇀↽−− Bu4NP+ + PF−

6 ) in anhydrous acetonitrile.

The electrochemical redox properties of spin casted P3HT films are presented in
Fig. 16.8a based on a CV recorded with 10 mV/s [31, 42]. In anodic scan direction,
one can identify threemajor oxidation peakswhich contain a couple of sub-structures.
In the cathodic scan the P3HT film turns back in the undoped state with respective
negative reduction current. The processes are reversible and the cycle can be repeated
a couple of times without degradation of the film. Each peak in the CV can be asso-
ciated with a certain oxidation/doping stage of the film. A precise assignment is
difficult. But already the fact that the P3HT film possess more than one or two oxi-
dation levels clearly supports the assumption of inter-chain interactions due to the
π-π stacking. The increase of complexity due to the formation of inter-chain struc-
tures could increase the number of distinguishable oxidation/doping levels. Beside

Fig. 16.8 Cyclic
voltammogram of P3HT in a
Bu4NPF6-acetonitrile
solution recorded with a scan
rate of 10 mV/s (a) In panel
b shows the charge density
in the film accumulating in
the anodic sweep from −0.2
to 1.1V [31]
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of an identification of oxidation stages, it could be instructive already, to investigate
the charge density in the film at different doping levels. The time integral (the first
moment) of the anodic current, which is measured in CV, provides this information.
The measured current tells us how many electrons are transferred from polymer film
to the ITO and leave a positively charge hole in the P3HT polymer chains. The charge
neutrality is maintained with the intercalation of an equal number of PF−

6 anions (A−
in Fig. 16.12) in the film. The successive increase of positive charges in the P3HT
film upon the electrochemical oxidation is plotted in Fig. 16.8b. With the known film
thickness this calculation disclose that the “donor” concentration increase by 3.4 ×
1020 cm−3 upon the first oxidation step. The second and third oxidation steps yield
in an overall anodic charge transfer of 1.2 and 2.4 mC/cm2, respectively, which cor-
responds to a total “donor” concentration in the film of 1 × 1021 and finally of about
2 × 1021 cm−3. An upper limit approximated from the monomer density in the film
[31, 55] yields a number of 4–5 × 1020 thiophene rings per cubic cm. The second
oxidation step thus corresponds to a positive charging of about 20% of the thiophene
monomers and with the third oxidation this value increase to almost 50%.

In-situUV-VIS transmission andATR-FTIR experiments show that the increasing
electrochemical charging of the P3HT film leads to a monotonously decrease of all
π-π∗ transition which have been identified in the pristine polymer (Fig. 16.5) while
the NIR and IR absorption structures (P1, P2/P3, IRAV, and CT) monotonously
increase at the same time [42]. That the p-type doping induced modifications in the
electronic structure are not explainable just by a continuous transformation from the
pristine to a oxidized state becomes obvious in the spectral range between 1.2 and
2 eV. The P1 polaron transition structure, which was seen already in the iodine doped
films, increase up to 800 mV, but decrease again at higher potentials (Fig. 16.9b).
Furthermore, one can observe a splitting of the broad P2/P3 IR absorption in theATR-
FTIR spectra (red arrows Fig. 16.9a). A precise interpretation based on the ATR-
results is in fact difficult and the determination of the intrinsic material dielectric
properties could facilitate a better identification of transition resonances or their
spectral positioning.

16.3.2 In-situ Spectroelectrochemical Ellipsometry

The unquestioned advantage of common transmission experiments is on one hand
the simplicity of the method. On the other hand it is also of big advantage if the film
properties can be investigated in standard glass cuvettes which are typically used
in electrochemical experiments. In this connection it seems reasonable to combine
the advantages of ellipsometric measurements and the ability to investigate the films
in a standard glass cuvette by means of transmission ellipsometric measurements
[31]. In such an experiment the light beam is straight transmitted through a glass
cuvette, the electrolyte, and the sample which consists of a transparent substrate
(e.g. glass), a transparent conducting film (e.g. ITO), and the polymer film under
investigation. The sample surface must be tilted against the light beam in order to
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Fig. 16.9 Electrochemical doping induced changes in the P3HT optical response measured a by
in-situ ATR-FTIR and b by UV-VIS transmission spectroscopy at different potentials between 100
and 1300 mV. The spectra measured at 0 mV are used in this examples as a reference. Reprinted
from [42] with permission from WILEY-VCH

allow an ellipsometric analysis by means of the difference in light transmission for
parallel and perpendicular polarization components respective the plane of incidence.
Polarization effects and intensity losses at the outer cuvette surfaces canbe suppressed
by two index matching prisms which are attached to the cuvette and thus ensure
perpendicular light incidence (lower part Fig. 16.10).

Some attention has to be drawn on the extraction of the film optical properties
because several interfaces insight the cuvette contribute to the measure polarization
change which is represented by the ellipsometric angles � and �. The upper part of
Fig. 16.10 shows a schematic example for the light propagation through the internal
interfaces. A physical/mathematical description of the light transmission through
such an ensemble can be obtained with the known theories of light propagation in
media and the reflection/transmission of plan waves at planar interfaces [56–58]. Of
major importance in such a structure is the coherence length of the light. Commonly
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Fig. 16.10 Schematic diagram of the light propagation through the glass cuvette including a poly-
mer film on an ITO/glass substrate (a). Layers represented in red are thinner than the coherence
length of conventional light sources and interference has to be taken into account in an ellipsometric
layer modeling procedure. In the lower part b we show a real experiment image of a filled glass
cuvette with connectors for the quasi reference electrode (QRE), the counter electrode (CE) and the
ITO/glass working electrode (WE). Reproduced from: [31]

used light sources have a coherence length of a few micrometers. Accordingly, the
distance of interfaces like those given by the two sides of the glass substrate is bigger
than the coherence length. In our example only the polymer and the ITO films are
thinner. Therefore just in these two layers forward and backwards traveling waves
have a defined phase relation and interference effects have to be taken into account.

In the case of isotropicmedia theAbelesmatrixmethod can be applied to solve the
problem and to calculate finally the film optical properties [57, 59]. In this formalism
the total electric field at a planar boundary between a layer i and j is composed
of left and right traveling waves. The respective complex fields are arranged in
columnar vectors of the form E ′

i = (E ′
i,l, E ′

i,r )
T and E j = (E j,l, E j,r )

T . With the
Fresnel transmission and reflection coefficients ti j (εi , ε j ,φ) and ri j (εi , ε j ,φ) an
interface transmission matrix of the form:

Ĥi j = 1

ti j

(
1 ri j

ri j 1

)
, (16.1)
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can be definedwhich connects the fields on both sides of the boundary (E ′
i = Hi j E j ).

For a phase correct matching of the fields from the right side of a layer to the left
side of the same layer, furthermore, a propagation matrix is defined according to:

L̂ i =
(

e−iβi 0
0 e−iβi

)
, (16.2)

where

β = 2π

λ0
ni di cos(φi ). (16.3)

In case of layers, which are much thicker than the coherence length of the light, it
is sufficient to use the identity matrix in order to match the electric fields directly to
the next boundary. Interference effects are thus exclude. The electric fields on both
sides of our glass cuvette with an internal structure as depicted in Fig. 16.10, can be
thus calculated with the stack matrix Ŝ defined by:

(
S11 S12
S21 S22

)
= Ĥ67 Ĥ56 Ĥ45 L̂4 Ĥ34 L̂3 Ĥ23 Ĥ12. (16.4)

In transmission experiments with light propagating from the left to the right through
the cuvette, we just need the S22 component of the stack matrix which defines the
overall transmission coefficient

t = 1/S22. (16.5)

For isotropic media, s- and p-polarized waves are eigenmodes and can be calculated
separately with the respective Fresnel equations ((1.13), Chap. 1). The ellipsometric
angles � and � can be finally calculated by the known relation:

tp

ts
= Ss

22

S p
22

= tanψei�. (16.6)

The film optical properties like the dielectric function ε or the thickness d of the
polymer film are determined in a comparison with the experimental results by means
of a respective fit algorithm.

The Abeles method is also applicable for anisotropic media, as long as the opti-
cal axes are all parallel or perpendicular to the plane of incidence and the surface
normal of the interfaces. In such a case the s- and p-polarized waves are still eigen-
modes and can be calculated separately. However, as an alternative one can use the
Berreman transfer matrix formalism which is implemented nowadays in many ellip-
sometric software packages. In this formalism forward and backward travelingwaves
are calculated with differential 4 × 4 transfer matrices and an explicit definition of
reflection and transmission coefficients at boundaries is avoided. With this approach
it is possible to calculate the wave propagation in arbitrary anisotropic media [57, 58,
60, 61]. Interferences in layers thicker than the coherence length of the light can be

http://dx.doi.org/10.1007/978-3-319-75895-4_1
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Fig. 16.11 Imaginary part
of the in-plane dielectric
function of P3HT at different
electrochemical potentials
which where measured
against a Ag AgCl QRE. The
electrochemical doping is
connected in this example by
an intercalation of PF−

6
anions. An offset of 0.5 is
used between the spectra for
clarification of the trend and
the two dashed line represent
the out-of-plane dielectric
function at −200 and
1200 mV. [31]
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suppressed with a simple workaround. By averaging over a number of arbitrarily
chosen layer thicknesses (e.g. ±10% of the real layer thickness), the interference
structures in thicker layers smear out and one can calculated the polarization depen-
dent transmission in terms of � and � also for structures as depicted in Fig. 16.10.

Figure16.11 shows a serious of dielectric function spectra for electrochemical
potentials between −200 and +1200mV. The plotted imaginary part of the in-plane
DF are obtained by a parametric fit of the measured � and � values. In this fit it
was assumed that the dielectric function consist of a number of Gauss-Lorentzian
oscillators which differ in the in-plane and out-of-plane DF only concerning their
oscillator strength. The parallel received out-of-plane DF’s are exemplary shown
for the extreme potentials. The undoped film optical properties at −200 mV were
already used in Sect. 16.2.1 and Fig. 16.5 to discuss the undoped P3HT properties.

In agreement with CV results the DF do not change up to a potential of about
300 mV. With the first and second oxidation step between 350 and 800mV the oscil-
lator strength of the π-π∗ transitions of the pristine material (the IEX, the IEX+LO,
and the screened HOMO-LUMO band-to-band transition) continuously decrease by
a factor of two. At the same time the polaron related P1 transition appears. The latter
P1 resonance reaches a maximal amplitude at 800 mV. At this potential the peak
maximum emerge at 1.4 eV. But noticeable is also a significant red shift from the
first appearance with increasing potential. Such a behavior is expected in case of an
increasing inter- and intra-chain overlap of the polaronic chain sections (Figs. 16.1
and 16.12). The polaronic character of the new absorption structure is additionally
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confirmed by (EPR) measurements which show an increasing signal and thus prove
the unpaired electron spin in localized polaronic states [42]. From CV it is know
that about 20% of the thiophene monomers are charge at 800 mV. The high polaron
density explains on one hand the strength of the polaron absorption. But it is also
apparent that a higher doping could not further increase the number of polarons. If
one considers that a polaron in P3HT extend over three or more thiophene units, a
further generation of localized polarons is simply not possible.

In connectionwith the iodine doping of P3HT,we have discussed already a general
broadening of the electronic resonances after the iodine exposure. This behavior is
clearly traceable in the in-situ ellipsometric spectra. The IEX and the IEX+LO tran-
sitions as well as screened HOMO-LUMO band-to-band absorption first decrease
in amplitude but broaden in particular upon the second oxidation step. A possible
reason for the broadening could be seen in the coexistence of polaronic and pristine
sections in the P3HT polymer chains in combination with the already discussed inter
and intra-chain overlapping of (bi)polarons orbitals. Regarding transition energies
and peak amplitudes/width the electrochemical induced polaronic transition spec-
trum is truly very similar to those obtained for iodine doped P3HT films (Fig. 16.6)
[19, 41, 62]. Best comparable with the saturated iodine doping is probably the elec-
trochemical oxidation at 600 or 700 mV. Both doping types include an incorporation
of counter anions, i.e. the I− and PF−

6 , respectively, which may induce additional
broadening effects.

Above 800 mV the polaron related P1 transition disappears again although the
p-type doping is still increasing. It finally vanishes almost completely at potentials
above the third oxidation peak. One might think that the vanishing of the P1 polaron
transition, which is accompanied by a disappearing EPR signal, is attributed to the
formation of bipolarons as depicted in Fig. 16.4. Such an interpretation would be
consistent with the ATR-FTIR results shown in Fig. 16.9a. Aside from the general
increase of the IR absorption one can observe a blue and a red shifting feature. The
blue shift is in fact expectable for P2 (BP2) transition if one assumes a “further relax-
ation” due to the pairing of positive charges. On the other hand we have mentioned
already the very high doping level above 800 mV. About every second thiophene
ring is finally positively charge at 1200 mV and (bi)polarons may strongly overlap.
Highly interesting in this connection is the recovery of the IEX features between 2.0
and 2.4 eV in the ellipsometric spectra. The recovery of inter-chain excitonic “fine”
structures and the very high doping concentration rather suggest that the P3HT chains
entirely relax in a new structure like pictured in the bottom of Fig. 16.12. A formation
of bipolarons as a new quasi particle is triggered in a strict definition by an energy
gain due to the polymer relaxation which exceeds the Coulomb repulsion between
two positive charges. The total Gibbs free energy minimization includes in electro-
chemical experiments the freely tunable electric potential which could compensate
also coulomb repulsion forces. The chemical doping with the strongly oxidizing
iodine saturates clearly in a polaron structure and a bipolaron formation seems to be
energetically excluded.

Hence, ellipsometric spectra at high electrochemical potentials are explainable
in the view of strongly overlapping polarons. They form polaronic bands which
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Fig. 16.12 Illustration of the (bi)polaron bond configuration in P3HT polymer chains at different
p-type doping levels

energetically overlap with the HOMO and LUMO bands of the pristine material.
This would yield in a band structure where the Fermi level is finally shifted in the
HOMO levels of the pristine material (compare Fig. 16.4). Notice, such a model is
also totally consistent with EPR measurements.

In electrochemical impedance measurements, it was demonstrated, furthermore,
that a first significant conductivity increases is obtained in connection with the third
oxidation step [49]. In this potential range the conductivity increases by almost three
orders of magnitude up to ≈8 Scm−1. Such an increase in the hole-mobility is not
consistent with the formation of self localized bipolarons but could be easily explain-
able if intra- as well as inter-chain polaronic bands merge with the HOMO bands
and thus generate a metallic regime due to an incompletely filled valence band [63].
Especially the inter-chain transport is a key feature in the attempt to obtain high film
conductivity [64]. It should be noticed that the periodic arrangement of quinoid and
aromatic thiophene rings in the polymer chain (Fig. 16.12) could be interpreted as the
result of a Peierls’s instability [65–68]. At room temperature, theπ-electronic orbitals
are equally distributed over the thiophene rings (comp. Fig. 16.3) which correspond
to a half filled metallic band. But at low temperature a Peierls’s transition is likely in
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Fig. 16.13 In-plane dielectric function of MDMO-PPV (structure in the inset) in the nominally
undoped (black line) and iodine saturated doped state (blue line). The imaginary part of dielectric
function is plotted in the left panel (a) and the real part in the right panel (b) [72]

particular in 1Dand2Dsystems [69]. The doubling of the unit cell shown inFig. 16.12
may yield in such a low temperature state again in an insulating/semiconducting
band structure. Worth mentioning in this connection is, additionally, the continu-
ous increase of the out-of-plane anisotropy upon doping (Fig. 16.11). It supposes an
increasing ordering within the film. A possible explanation is found in the shorting
of bonds between the thiophene rings in the quinoid structure.

16.4 MDMO-PPV - Iodine Doping

As a second material example, we show ellipsometric results obtained on poly[2-
methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene] (MDMO-PPV). Like
P3HT it is a semiconducting polymer with application in organic solar cells and
OLEDs [70]. Hoppe et al. have determined the DF in the UV-VIS spectral with
a combination of reflection and transmission measurement [71]. Here we would
like to discuss a comprehensive ellipsometric study where FTIR- and UV-VIS-IR
ellipsometry is used [72] to obtain an overview about the polaron optical response.
Figure16.13 shows the DF of MDMO-PPV for the pristine and iodine doped state
as well as a graphic formula of the MDMO-PPV polymer. In this experiment the
polymer was directly spin casted onto a glass slide from a pyridine solution. Both
the UV-VIS as well as the IR measurements were treated in this experiment in a
joined point-by-point layer fit in order to obtain a full range film DF. Some artifacts
remain at the connection point of the two spectral regions although the same film
preparation was used in both experiments. However, the results are, nevertheless,
conclusive enough to discuss some general polaron properties in more detail.
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Fig. 16.14 Effective number
of electrons (π-electron
density) in MDMO-PPV and
its integral evolution in the
spectral range of π-π∗
transitions. The black line
represents the pristine and
the blue line iodine doped
MDMO-PPV film (comp.
Fig. 16.13)
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The pristine MDMO-PPV dielectric function (black line in Fig. 16.13) is very
much similar to those of P3HT. A single relatively broad absorption peak with max-
imum at 2.5 eV dominates the UV-VIS spectral range. It is attributed again to π-π∗
transitions in the polymer chain. A fine structure due to excitonic or LO-phonon
contribution is not visible in the case of MDMO-PPV. One could speculate whether
these structures are just not resolved in this experiment or suppressed due to a higher
degree of conformational disorder and/or less π-π stacking. The latter assumption is
at least consistent with the fact that the film could be unambiguously fitted with an
isotropic film DF.

After doping (blue line in Fig. 16.13) two new transition features appear in the DF
at ≈1.7 eV and ≈0.5. Both peaks are described already in terms of the polaron P1
and P2/P3 transitions (Fig. 16.4). In addition a high-energy peak emerge at ≈5.9 eV
which is probably not relating to the π electron system. The broad π-π∗ absorption
peak around at 2.5 eV decreases, as expected, by about one half. The small but clearly
observable blue shift of the peakmaximumcould be explained by a screening of IEXs
and the respective transfer of oscillator strength to higher photon energies like it is
seen for P3HT. In the IR below 0.2 eV, new dipole allowed infrared active vibrations
(IRAVs) appear [47].

In connection with the iodine doping of P3HT we have discussed already the
question whether the oscillator strength of π-π∗ transitions of pristine material is
entirely shifted to the new π-electron structures P1-P3 in the NIR and IR. The ellip-
sometrically determined wide range DF of the MDMO-PPV example allows now a
quantitative analysis. According to sum rule arguments the total oscillator or, a bit
more precisely formulated, the first moment of the imaginary part of DF is propor-
tional to the effective number of (valence) electrons [45, 46]:

Nef f ∼
∫

ωε2(ω)dω. (16.7)
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In the present example, we assume that all optical transitions between 0.2 and 3.5 eV
are ascribed to the π electron system. With the iodine p-type doping, some of the
π-electrons are removed from the polymer chains. However, the comparison of the
iodine and electrochemical doping of P3HT has shown that the charging obtained by
chemical doping is relatively small in comparison to the total number of π-electrons
in the film. If we thus approximate that the number of π-electrons is almost constant,
the oscillator strength of the attenuate 2.5 eV absorption structure should shift in
another spectral range. In order to test this assumption, the accumulative effective
number of electrons is plotted for the spectral range between 0.2 and 3.5 eV. The
black line in Fig. 16.14 shows the pristine polymer while the blue line is representing
the iodine doped state with polarons. In the comparison it becomes evident that the
oscillator strength of the π-π∗ transitions is solely redistributed among the P1-P3
transitions. A possible doping induced conductivity is ascribe to the formation of
metallic π-bands. These metallic π-electrons should generate a Drude tail in the DF
which may emerge below 0.2 eV. From the sum rule arguments, however, this would
add additional contribution to effective number of electrons which would violate
the sum rule argumentation. The IR-DF between 0.05 and 0.2 eV, in fact, shows no
signature of a Drude like behavior.

16.5 Polaron Formation in Push-Pull Polymers

In a last example we discuss a more sophisticated so called push-pull polymer.
In such polymers intramolecular dipoles red-shift the band gap to generate a NIR
optical activity [73]. A prominent representative of these π-conjugated polymers is
the Poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-alt-
(4-(2-ethylhexanoyl)-thieno[3,4-b] thiophene-)-2-6-diyl] in short PBDTTT-c
[74–76]. In this polymer benzodithiophene and thienothiophene units serve as
sequential donors and acceptors [77]. The extraordinary molecular complexity, how-
ever, considerably complicates the electronic structure. Simply the number of carbon
atoms per monomer increases already by a factor of 4 from P3HT to PBDTTT-c.
Additional side-chain are required to obtain solubility. The complexity of the push-
pull polymer finally suppresses intermolecular interaction in contrast to the highly-
crystalline rr-P3HT.

Figure16.15 (black line) shows the ellipsometrically determined DF of a pristine
PBDTTT-c film [62]. The presented filmproperties are obtained by a parametric layer
fit with an independently determined film thickness and are refined within a point-
to-point calculation. Various details in the thereby determined DF differ from the
previously discussed polymers although the general line shape remains comparable.
The spectral range between 1 and 3 eV is again characterized by the dominating
π-π∗ absorption structure. But the absorption onset is considerably red shifted due
to the orbital interaction of the unified donor (thieno[2,3-b]thiophene) and acceptor
(benzodithiophene with alkoxy-side-chains) units. Unlike rr-P3HT, the two sharp
peaks at 1.75 and 1.9 eV could not originated from π-π stacking and may show
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Fig. 16.15 Dielectric function of PBDTTT-c (structure in the inset) in the nominally undoped
(black line) and iodine saturated doped state (blue line). The imaginary part of dielectric function
is plotted in the left panel (a) and the real part in the right panel (b) [62]

rather a fingerprint of the push-pull character. Above 2.5 eV one can observe at least
three additional absorption structures. But an identification of the latter UV transition
is problematic if one considers the complexity of the structure.

A relatively persistent p-type doping is again achieved by an exposure of the
PBDTTT-c film to iodine vapor. Respective ellipsometric spectra are shown in
Fig. 16.15 (blue line). The results could not achieve the usual signal to noise level of
ellipsometry, due to the limitation in integration time. But the doping effect is clearly
visible. For PBDTTT-c one can observe a similar doping impact as it is known for
e.g. P3HT. This is a quenching of the main π-π∗ absorption structure and in parallel
a P1 peak is rising in NIR part of the DF spectrum. The P1 resonance arises at a
somewhat smaller photon energy (1.2 eV) consistently to the lower absorption edge
of the ground state. But the P1 amplitude as well as the decrease of the original
absorption feature is significantly smaller than those of P3HT or MDMO-PPV. The
smaller effect upon doping correlates to the higher oxidation potential of PBDTTT-c.
Remarkable is the small peak width of the polaronic P1 structure and the absence
of the before discussed broadening of all other transition features. As already men-
tioned, the π-π stacking forces are much smaller in the PBDTTT-c film. Polarons
are thus inherently localized in a single polymer chain and thus more close to the 1D
polaron picture with self localization in each chain.

Related changes in the IR P2+P3 transition structures are best seen in a direct
comparison of the P3HT and PBDTTT-c (ATR) spectra as shown in Fig. 16.16. The
broad absorption band of P3HT*, which spreads above the long-wavelength LO-
phonon (from ≈190 meV) to higher energies, has in PBDTTT-c* a clear peak like
maximumat about 380meV.The latter structure is described as a relaxed excited state
in the Fröhlich polaron model [8, Sect. 16.1.2]. The existence of this peak is typical
for strong electron-phonon coupling constants (α > 5) and the Fröhlich coupling in
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Fig. 16.16 Comparison of the iodine induced ATR-FTIR modifications in rr-P3HT (left panel a)
and PBDTTT-c (right panel b) after 12 s exposure [62]

fact increases with a lowering of the dimensionality. In conclusion, PBDTTT-c fits
much more to the classic 1D Fröhlich polaron model than P3HT or MDMO-PPV
although the complexity of the system ismuch bigger and less polarons are generated
by iodine doping.

16.6 Comments on Transmission (UV-VIS) and ATR
Spectroscopy

Most of the pioneering work [39, 78, 79] and of the following investigations
concerning the optical response of polarons in polymers make use of transmission
(absorption),ATR, and related spectroscopic techniques. The comparison of the ellip-
sometrically determined DF of P3HT with the respective film absorption spectrum
(black lines in Fig. 16.5) exemplary disclose already some difficulties which has to
be considered in the interpretation of the different results. The peak positions and
the general line shape differ considerably between the imaginary part of the DF and
the absorption spectrum.

The optical properties of a material are typically represented by the complex
refractive index (ñ) or the dielectric function (ε):

ñ = n + iκ = √
ε = √

ε1 + iε2. (16.8)

In theoretical publications one can find, furthermore, spectra of the real part of
the optical conductivity σ1 = ωε0ε2, where �ω is the photon energy and ε0 is the
vacuum permittivity. All three quantities are discussed under assumption that the
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film is optically isotropic. This is a reasonable approximation if we consider that
transmission experiments are usually assembled in a normal incident geometry and
that the polymer films are in-plane isotropic.

The primarily determined quantity in transmission experiments is a relative inten-
sity i.e. the transmittance T . Disregarding reflections at the film boundaries, the
transmittance is a function of the film thickness d and the wavelength of the light:

T = I

Ire f
= e− 2ω

c κd = e−αd . (16.9)

Theherein usedparameterα is the absorption coefficient (Fig. 16.5b). The absorbance
of a material is calculated from the transmittance with the negative decadic logarithm
(Lambert–Beer law):

A = −log(T/Tre f ) = �α d log(e) (16.10)

The absorbance A is thus proportional to the absorption coefficient α and the
film thickness d and is therefore commonly used in order to discuss the material opti-
cal properties based on transmission experiments. The herein used approximations
are valid as long as the absorption of light insight in the entire film is much bigger
than the reflected intensity (e.g. in thick films with small α). The decadic logarithm
is used by historical reasons.

In Fig. 16.17 we use the results of a simulated transmission experiment in order to
illustrate peculiaritieswhichmay occur in transmission experiments based on a single
Lorentz oscillator. The comparison discloses two major problems. First, the energy
position of the absorbance maximum does not coincide with the resonance energy
of the electronic transition. Second, the line shape and amplitude of the absorbance
structure is altered significantly by the multiple light reflection at boundaries and a
conceivable determination of the dielectric function by a Kramers-Kronig-analysis
would be falsified.

ATR experiments are analyzed under the assumption that a light beam, which is
n-times reflected at the boundary between the film and the ATR-crystal under total
reflection conditions, loses intensity due to the absorption in the evanescent field in
the film. The intensity reduction upon each reflection can be calculated for the two
principle polarizations by means of the absolute values of the respective reflection
coefficients [80, 81]:

Rs = |rs |2 = 1 − n pcos(θ)

(n2
p − n2)

√
n2

psin2(θ) − n2
nκ and (16.11)

Rp = |rp|2 = 1 − n pnκ(2n2
psin2θ − n2)cos(θ)

(n2
p − n2)((n2

p − n2)sin2θ − n2)
√

n2
psin2(θ) − n2

nκ, (16.12)
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Fig. 16.17 Simulated differential absorbance spectra a for a thinfilmwith a singleLorentz oscillator
absorption. The respective dielectric function is plotted in the lower panel (b). The differential
absorbance is calculated for a normal incidence experiment where the amplitude of the oscillator is
set to zero in the reference spectra. Three different sample scenarios are simulated: a free standing
50nm film (solid line), a film on a glass substrate (dotted line), a film on a glass substrate with
a 50 nm ITO coating (dashed line). The absorption coefficient α (gray line) is shown in b for
comparison

where n p is the refractive index of theATR-prism and θ is the angle of incidence (typi-
cally values are between 40 and 60◦). These relations are derivedwith the assumption
of weak absorption in the film [81] and assume that the total reflection condition is
maintained for each wavelength. Under the latter condition, any reflectivity different
from one is due to absorption (energy dissipation) in the film. The second therm in
(16.11) and (16.12) can be thus associated to the right hand side of (16.9). The total
transmittance T through the ATR prism is:

T = Rn (16.13)

ATR results are often presented in two different forms; either in terms of �T/Tre f

or by means of−log(T/Tre f ). In case of weak absorption the second term in (16.11)
and (16.12) is small and one can use the approximation −ln(1 − x) = x . Under
consideration of the principle relation log(yn) = n ∗ ln(y)/ log(e) it is thus evident
that both representations of the ATR results are equivalent. In particular it is worth
mentioning that the ATR results are proportional to nκ and thus to ε2.

A comparison of ATR-results and the respective film DF is again graphi-
cally demonstrated with simulated spectra containing a single Lorentz-oscillator
(Fig. 16.18). For weakly absorbing films (oscillator amplitude 10 times smaller than
in the lower panel) the ATR-peak amplitude and line shape matches very good with
the DF. But just for slightly higher oscillator amplitudes the total reflection condition
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Fig. 16.18 Simulation of relative ATR transmission spectra a for a thin film with a single Lorentz
oscillator absorption. The respective dielectric function is plotted in the lower panel (b). The relative
ATR transmission is calculated for an angle of incidence of 50◦ and a film of 5nm where the
amplitude of the oscillator is set to zero in the reference spectra. Three different sample scenarios
are simulated: a weakly absorbing film (oscillator amplitude 10 times smaller than in b) on a high
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is already falsified and the obtained peak position shifts to lower photon energies
towards the maximum in the real part of the film dielectric function (dashed line in
Fig. 16.18). In real experiments and in particular in the spectral range of strong and
narrow IR phonon absorption lines it could be problematic to ensure whether the
weak absorption limit (the ATR-conditions) is valid. The situation gets even more
complicated if further layers like a conducting ITO film are introduced (dotted line).
The dispersion of the real and imaginary part of the dielectric function of those
films superimpose with the film response. It should be noted that these effects are
not eliminated with the reference measurement and further increase if interferences
effects come into play. It is generally also difficult to deduce correct absolute values
for the absorption coefficient. The latter depends on the number of reflections, the
propagation length in the film and is finally influenced by multiple reflections at the
entrance and exit surface of the ATR-prism. However, with the optical models used
in common ellipsometric software packages a complete description is possible. An
ellipsometric determination of film dielectric properties (ε1 and ε2) with a single
total internal reflection is for example presented in [82].
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Chapter 17
Coupling Spectroscopic Ellipsometry
and Quartz Crystal Microbalance to
Study Organic Films at the Solid–Liquid
Interface

Ralf P. Richter, Keith B. Rodenhausen, Nico B. Eisele
and Mathias Schubert

Abstract Spectroscopic ellipsometry (SE) and quartz crystalmicrobalancewith dis-
sipation monitoring (QCM-D) have become popular tools for the analysis of organic
films, from a few Angstroms to a few micrometers in thickness, at the solid–liquid
interface. Because of their different working principles, both techniques are highly
complementary, providing insight into optical and mechanical properties, respec-
tively. The combination of SE and QCM-D in one setup is not only attractive because
this information becomes available at the same time on the same sample, but also
because the correlation of SE and QCM-D responses can provide novel insight that
is not accessible with either technique alone. Here, we discuss how the combined
setup is implemented in practice and review current data analysis approaches that are
useful with regard to the correlation of both methods. Particular attention is given to
the novel insight that can be obtained by the combination of both techniques, such
as the solvation, density and lateral organization of organic films.
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17.1 Introduction

Thin organic films are important for chemical and biological detection, biomaterials,
detergent, and surface property tuning applications. Continuous progress in methods
for the immobilization of organic molecules, and in the patterning of surfaces at the
nano, micro and macro scale, has entailed improved control on the confinement of
molecules and enables the creation of films of increasing complexity and function-
ality. As the level of sophistication of the films advances, methods are required to
characterize their formation and their physico-chemical properties in detail.

Optical and acoustical methods are widely employed for non-invasive, label free,
in-situ monitoring of organic film formation. Among them, spectroscopic ellipsome-
try (SE) and quartz crystal microbalancewith dissipationmonitoring (QCM-D) stand
out in several ways. First, both techniques can be used on a variety of substrates,
including metal, metal oxide and polymer coatings. Second, thanks to a continuous
development over more than a century, the mechanism of signal formation is rather
well understood. As a consequence, material parameters such as adsorbed amounts,
and film thickness, optical or viscoelastic properties can be extracted from the mea-
sured parameters in a quantitative manner. Third, both techniques can in principle
probe films over a large thickness range, from Angstroms up to micrometers. These
features render SE and QCM-D particularly versatile with regard to the quantitative
analysis of organic films at the solid–liquid interface. In other popular optical mass-
sensitive methods (e.g., surface plasmon resonance), specialized surface coatings
are required and/or the sensitivity decays rapidly with increasing distance from the
substrate. These methods, as well as other acoustical methods (e.g. shear acoustic
wave devices), appear to be more promising for standardized sensing applications,
because of their ease of miniaturization and/or parallelization, yet they tend to be
limited when it comes to fully quantitative data analysis.

Thanks to their different transducer principles, QCM-D and SE provide different
yet highly complementary information: QCM-D is sensitive to mechanical prop-
erties, and SE is sensitive to optical properties. Moreover, both techniques provide
information about the amount of deposited material. Importantly, solvent contributes
differently to SE and QCM-D responses. In the case of QCM-D, the shear oscillation
of the sensor surface entails the motion of solvent that is trapped within the organic
thin film. The adsorbed mass measured by QCM-D therefore always contains a con-
tribution of hydrodynamically coupled solvent. SE, on the other hand, is sensitive
to changes in the refractive index of the film as compared to the ambient liquid
medium, and adsorbate areal mass densities can be determined. By exploiting this
difference in mass sensitivity, information about the solvent content (e.g. porosity)
can be extracted from combined SE/QCM-D measurements, a quantity that cannot
generically be obtained with either technique alone.

In this chapter, we review current data analysis approaches that are useful with
regard to the correlation of SE and QCM-D and describe how combined in-situ
measurements can be implemented in practice. Particular attention is given to the
novel insight that can be obtained by the combination of both techniques, such as
the solvation, density and lateral organization of organic films.
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17.2 Theory

Here, we will review a selection of approaches for the quantitative analysis of SE
and QCM-D data. Focus is put on methods for which a correlation of both data sets is
particularly useful, providing novel information that cannot be obtained with either
technique alone.

17.2.1 Approaches to Analyze SE Data

The analysis of ellipsometry data requires an appropriate layer model that accounts
for the properties of the substrate, the overlayer(s) and the ambient medium, and
possibly for interface roughness. Each layer in this approach requires an appropriate
description of its dielectric function ε, which is the square of the complex index of
refraction n + iκ , where n is the refractive index and κ the extinction coefficient.

Ellipsometry data is typically represented by the two ellipsometric angles Ψ

and �. In in-situ spectroscopic ellipsometry, these are monitored as a function of
wavelength λ, typically at a single angle of incidence. Because the equations relat-
ing Ψ (λ) and �(λ) to the layers’ thickness and dielectric functions are nonlinear,
numerical nonlinear regression methods (“fitting”) are required to match measured
and model-calculated ellipsometry spectra. The details of this analysis are beyond
the scope of this work, and we direct interested readers to more thorough discussions
in the literature [1–3].

We restrict ourselves to considering an optically transparent and isotropic, smooth
film that is attached to a planar substrate and immersed in a transparent ambient
solvent. The optical properties of such a film are fully determined by two parameters:
the film thickness d and the wavelength-dependent refractive index n(λ). Assuming
non-absorbing films (κ = 0) does not impair the generality of the considerations;
films with a complex index of refraction (κ �= 0) can be included as well. The film
thickness can range from an Angstrom to a few micrometers (and even beyond).

Even though very simple, this scenario represents a reasonable first approximation
for many organic thin films. Typically, the organic film will contain both adsorbate
and solvent and the characteristic length scale of the internal structure ismuch smaller
than the wavelength of the probing light. In this case, the film’s optical properties can
be adequately described through effective medium approximations. In this context,
the index of refraction becomes an effective film property, neff . Moreover, the thick-
ness should be considered an effective andmethod-specific property dSE

eff , because the
interface between film and ambient is in practice not ideally sharp and the interfacial
contrast is sensed differently by different techniques.

The effective medium approximation can be used to relate neff to the refractive
indices of the organic adsorbate no and the ambient solvent na and to quantify the
constituents’ volume fractions f Vo and f Va . Another parameter of interest is the areal
adsorbate mass density. This quantity corresponds to the mass of organic adsorbate
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per unit area of the substrate on which the film is deposited. It is often sloppily called
adsorbed mass, hence denoted here as mo, and given by

mo = dSE
eff ρo f

V
o , (17.1)

where ρo is the volume density of the organic adsorbate when immersed in the ambi-
ent solvent (i.e. the inverse of the partial specific volume). To describe, how f Vo , f Va
and mo are determined, we will distinguish two different approaches. The first ap-
proach is restricted to what we call ultra-thin films, whereas the second approach can
also be employed for thicker films. We will see that the two approaches relate to two
distinct effective medium approximations. From the comparison of both approaches,
a third method to determine mo emerges that is simpler yet more approximative.

17.2.1.1 Approach 1: Virtual Separation

A virtual separation approach for arbitrarily segregating a heterogeneous ultra-thin
film into separate homogeneous sublayers from an ellipsometric modeling point
of view has been previously described [4]. The main points are summarized here.
Through a 4 × 4 matrix modeling approach, also known as the Berreman-formalism
[2, 5], a transfer matrix T can completely describe a linear optical system. T consists
of an ordered product of partial transfer matrices (Tp), which describe homogeneous
constituent sublayers, and matrices that describe incident (ambient; La) and exit
(substrate; Lf ) mediums, such that

T = L−1
a T−1

p,1 · · · T−1
p,NLf . (17.2)

The partial transfer and medium matrices typically do not multiplicatively com-
mute. However, if the ultra-thin film limit is met, i.e., when d � λ/(2πn), the partial
transfer matrix product of (17.2) can be approximated as a matrix sum. Thus, the
partial transfer matrices become interchangeable. A porous ultra-thin film that has
an effective thickness dSE

eff and an effective index of refraction neff can therefore be
virtually separated into two layers. The partial transfer matrix describing constituent
ambient inclusions (da, na) may be moved via additive commutation to the top of
the layer stack, forming an ambient-ambient interface and leaving a layer of pure
adsorbate material (do, no, with dSE

eff = do + da).
Virtual separation implies that the ellipsometric response in the ultra-thinfilm limit

depends on the product nodo, and that it is not possible to resolve neff and dSE
eff . In

practice, one can therefore model ultra-thin films as a (virtual) layer with refractive
index no, which needs to be known, and thickness do, which can be determined
through ellipsometry. The areal adsorbate mass density can then be calculated by

mo = doρo. (17.3)
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Fig. 17.1 Changes of Ψ

and �, δΨ and δ�, with
thickness for a transparent
layer (no = 1.50) covering
ideally flat, optically opaque
surfaces of Au and Si,
respectively, at a wavelength
of 633 nm, in ambient water
(na = 1.333) and at an angle
of incidence of 65◦

In contrast, it is not possible to determine f Vo or f Va of ultra-thin films from ellip-
sometry alone, because neff and dSE

eff cannot be resolved. We will see later that QCM
can provide the additional information required for this separation.

A Stringent Definition of the Ultra-thin Film Limit Variations in Ψ and � with
thickness for an assumed layer on top of ideally flat, optically opaque surfaces of a
metal (Au) and a dielectric (Si), respectively, within ambient water are depicted in
Fig. 17.1. The calculated data were obtained for a wavelength of 633 nm, yet they
are representative over the entire near infrared to visible spectral range for most
organic layers. For the small thickness values that are considered here, the changes
in both SE parameters are almost linear with thickness. The slope for Ψ is about
2 orders of magnitude smaller than for �. Instrumentation with high precision in Ψ

and � is required to follow changes in the formation of organic layers with small
thickness on metal and other surfaces in liquid ambient. In order to exploit both Ψ

and �, the error bars for Ψ must be two orders of magnitude better than for �. In
most current instrumentation, however, the error bar (precision) for Ψ is only one
order of magnitude better, and therefore many authors have reported the inability to
differentiate between neff and dSE

eff of the organic layer if the layer is very thin.
State-of-the-art ellipsometry instrumentation may reach a precision of a few thou-

sandths of degrees in Ψ and a few hundredths of degrees in �, and better, but these
values crucially depend on the time period over which multiple measurements are
averaged while keeping experimental conditions constant. In fact, the latter may dra-
matically deteriorate the error bars when monitoring organic layer formation under
fast changing kinetic conditions. Because no standardized criteria are available under
which manufacturers are specifying their instrument limits, a hard number of current
limits is difficult to obtain. Substantial improvement in obtaining better precision can
be made whenΨ and� are measured over multiple wavelengths simultaneously, for
example with multiple-channel instrumentation capable of reading the ellipsometric
values at multiple wavelengths at the same time. Such instrumentation is conve-
niently available nowadays and in widespread use for characterization of physical
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and chemical thin film deposition processes. Because the parameter dSE
eff does not

depend on wavelength, the neffdSE
eff product correlation is substantially relaxed when

data are analyzed over a wide spectral range.
A criterion for selecting the ultra-thin film approximation as a valid approach for

data analysis is suggested here by whether or not variations inΨ are known upon the
organic layer formation, assuming that variations in � are detected. Changes in Ψ

being known or unknown (the same being true for�) means that ameasurement ofΨ
reports the previous value of Ψ to have moved outside the range or not, respectively,
of the typical precision window of the current instrument. Then one may “switch”
between analysis of neff and dSE

eff using data points of δΨ and δ�, or neff or dSE
eff using

data points of δ� only, i.e., the ultra-thin film situation, respectively. The precision
is here defined as the “narrowness” of data points between repeated measurements
under constant experimental conditions, i.e., the standard deviation in a standard
distribution. Note that the difference between the reported Ψ and the true Ψ , while
the latter may never be known, defines the accuracy of the instrumentation. While
the accuracy of the instrument matters for calibration purposes, however, it is less
relevant here since we are interested in monitoring small changes due to the organic
layer formation.

The situation when the wavelength equivalent λ/(2πneff) becomes much larger
than the film thickness, for organic transparent layers, andwhich we refer to here also
as the ultra-thin film situation, can be tied to the error bars (or windows of precision)
within which one can determine Ψ and �. Because changes in Ψ are two orders of
magnitude smaller than in � with dSE

eff and/or neff (Fig. 17.1), the not knowing of Ψ

triggers the change to the ultra-thin film situation for organic films at approximately
2 nm assuming error bars of ±0.01◦ in Ψ . Additional error sources such as angle of
incidence variations may increase this thickness further. This criterion also places
perspectives on future needs. If one is interested inmeasuring neff and dSE

eff for smaller
films one should improve the precision of Ψ first, as in general the precision of Ψ

must be two orders of magnitude better than for �.

Linear Averaging The effective medium approximation for ultra-thin layers that
emerges from this virtual separation approach corresponds to the linear averaging of
the dielectric constants ε = n2 of the embedded materials [4]

n2eff = f Vo n2o + f Va n2a . (17.4)

The number of constituents is not limited to two and can be expanded by adding
multiple constituents’ parameters to the right side of (17.4).

17.2.1.2 Approach 2: Lorentz

For thicker films, neff and dSE
eff can be resolved. The Lorentz equation [6] is based on

an effective medium approximation that considers the mixing of two components,
here organic solute and ambient solvent
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n2eff − 1

n2eff + 2
= f Vo

n2o − 1

n2o + 2
+ f Va

n2a − 1

n2a + 2
. (17.5)

Again, the number of components is not limited to two and can be expanded. Since
f Vo + f Va = 1, this equation can be solved for the organic adsorbate fraction

f Vo =
(
n2eff − n2a
n2eff + 2

)(
n2o + 2

n2o − n2a

)
. (17.6)

Furthermore, the areal adsorbate mass density can be calculated from (17.1) and
(17.6) as

mo = dSE
eff ρo

(
n2eff − n2a
n2eff + 2

)(
n2o + 2

n2o − n2a

)
. (17.7)

Provided that ρo and no are known, f Va , f Vo and mo can hence be determined from
SE data alone.

17.2.1.3 Approach 3: De Feijter

To understand how the linear averaging and the Lorentz effective medium approxi-
mations relate to each other, it is instructive to recast (17.3) and (17.7) into a different
form. We make the ansatz

mo = dSE
eff (neff − na)

dn/dc
, (17.8)

where we introduce the refractive index increment dn/dc. With the linear averaging
approach (17.3), we find

dn/dc ≡ n2o − n2a
ρo(neff + na)

, (17.9)

whereas with the Lorentz approach (17.7),

dn/dc ≡ (n2eff + 2)(n2o − n2a)

ρo(neff + na)(n2o + 2)
. (17.10)

It can be seen that the two refractive index increments are not the same: they
adopt the same form in the limit of very dense films (neff → no) but differ for dilute
films (neff → na). Figure17.2 provides an example of the variations of dn/dc as a
function of adsorbate volume fraction. na = 1.333, no = 1.6 and ρo = 1.36 g/cm3

were chosen to represent a film of proteins in aqueous solution. The data shows
that the refractive index increment varies by less than 10% with adsorbate volume
fraction for both effective medium approximations, albeit in different ways.

More generally, the variations of dn/dc with f Vo are small as long as the refrac-
tive index difference no − na is small (|no − na| � na). Fortuitously, this condition
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Fig. 17.2 Refractive index
increment versus adsorbate
volume fraction for the linear
averaging ((17.9); closed
triangles) and Lorentz
((17.10); open circles)
effective medium
approximations, respectively,
using no = 1.6, na = 1.333
and ρo = 1.36 g/cm3

is fulfilled for many organic adsorbate/solvent mixtures of practical relevance. In
these cases, dn/dc can be treated as a material constant that characterizes a given
adsorbate/solvent mixture. The assumption of a concentration-invariant dn/dc is
convenient by its simplicity and indeed frequently used with other optical methods.
Equation (17.8), when employed together with a concentration-invariant dn/dc, is
known as De Feijter’s equation [7] (see also Chaps. 2 and 6).

17.2.1.4 Determination of Material Constants

In order to determinemo, f Vo or f Va with the above-described methods, either ρo and
no (approaches 1 and 2) or dn/dc (approach 3) need to be known. Knowledge of na
is also necessary, yet is usually accessible with good accuracy, through the literature,
bulk refractometry measurements or by ellipsometry.

The direct determination of no may prove difficult, for example, if the organic
material in its pure form is either not available or forms a powder. If enough material
is available, then dn/dc can be measured directly, e.g. through refractometry on
reference solutions of defined solute concentration in the solvent of interest [7, 8].
The facile experimental access to dn/dc constitutes another practical advantage of
the De Feijter approach.

If the amount of available material is limiting the direct measurement of dn/dc,
ρo and no may be estimated from the properties of the constituent chemical groups
[8, 9]. For example, Zhao et al. [8] found that the molar refractivity R (a mea-
sure of a molecule’s polarizability) and the partial specific volume ρ−1

o of proteins
can be determined with good accuracy from weighted averages of tabulated values
for the amino acids from which they are made. Only little spread between pro-
teins was observed, with mean values of R = 0.253 cm3/g and ρo = 1.36 g/cm3.
The refractive index can then be calculated through the Lorentz-Lorenz equation
[10, 11]

http://dx.doi.org/10.1007/978-3-319-75895-4_2
http://dx.doi.org/10.1007/978-3-319-75895-4_6


17 Coupling Spectroscopic Ellipsometry … 399

Rρo = n2o − 1

n2o + 2
. (17.11)

For proteins, for example, we find n0 = 1.6. In the limit of low coverage, this corre-
sponds to dn/dc = 0.18 cm3/g (Fig. 17.2), in good agreement with experimentally
determined values.

One should keep in mind that the above-described procedures are based on mea-
surements in solutions which are isotropic, because the solute molecules can adopt
randomorientations. In contrast, organic thinfilmsmaybeoptically anisotropic, since
the adsorbate adopts a preferred orientation on the surface (e.g. in self-assembled
monolayers or supported lipid bilayers). In this case, no or dn/dc determined in
solution may not adequately describe the optical properties of the adsorbates on the
surface. More complex models that account for birefringence would be required for
a rigorous treatment. While these will not be treated here, we note that a suitably
adjusted dn/dc can also provide reasonable solutions.

17.2.2 Approaches to Analyze QCM-D Data

The quartz crystal microbalance with dissipation monitoring measures changes in
the resonance frequency � f and energy dissipation �D of a quartz sensor crystal
at several overtones i upon interaction of soft matter with its surface (Fig. 17.3). The
sensor crystal is typically coated with metal films on the top and bottom faces to
act as electrodes. The top face, bare or coated with additional layers (e.g. silica), is
used as the experimental substrate. The QCM-D response is sensitive to the areal
mass density and the mechanical properties of the surface-bound film. To a first
approximation, a decrease in f indicates a mass increase, while high (low) values of
�D indicate a soft (rigid) film.

With regard to data analysis, it is useful to consider two different types of films,
namely, laterally homogeneous films and filmsmade of amonolayer of discrete parti-
cles [13]. Films in which the length scale of the sample’s internal structure is smaller
than thefilm thickness can be treated as laterally homogeneousfilms through an effec-
tive medium approximation. In the case of QCM-D, and in contrast to ellipsometry,
such an approach is not appropriate for films consisting of discrete nanoscale objects
(proteins, liposomes, viruses, nanoparticles) adsorbed on the surface, where the film
thickness is about the same as the particle diameter. Principal analysis approaches
are outlined in the following. For an in depth discussion, the reader is referred to the
literature [13, 14].

Coupled Solvent A primary film parameter that is in many cases quantitatively
accessible through QCM-D is the areal mass density. A feature that distinguishes
QCM-D from ellipsometry, and other optical mass-sensitive methods, is that hydro-
dynamically coupled solvent contributes to the measured areal mass density
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(a) (b)

(c)

Fig. 17.3 QCM-D sensor and sensing principle. aCommonly usedQCM-D sensors have a diameter
of 14 mm, a thickness of∼300 µm, and a fundamental resonance frequency of∼5MHz. The active
sensing area (not shown) is confined to a central, circular spot of∼5mm diameter (the size decreases
somewhat with the overtone number i [12]). b Application of oscillatory voltage results in a cyclical
shear deformation of the sensor. In the ring-down method, which is used by QCM-D, the driving
voltage is intermittently switched off and the decay in time of the oscillation is monitored. c From
the decay curve, the resonance frequency f and the energy dissipation D are extracted. Depending
on the driving frequency, different overtones i = 3, 5 . . . , 13 are excited. f and D (or equivalently,
the bandwidth Γ ) can also be obtained by another QCM method, based on (acoustic) impedance
analysis (not shown) [13]

mQCM = mo + ma. (17.12)

From the QCM data alone, the mass fractions of organic adsorbate f mo = mo/mQCM

and coupled ambient solvent f ma = ma/mQCM to the mass response cannot be re-
solved. In contrast, if mo is available from a parallel measurement by ellipsometry,
ma can be readily quantified. Hence, the different sensitivity to solvent is a key
complementary feature of the two techniques.

17.2.2.1 Homogeneous Films

Sauerbrey Equation For films that are sufficiently rigid, the areal mass density can
be determined through the Sauerbrey equation [15]

mQCM = ρeffd
QCM
eff = −C

� fi
i

, (17.13)

where i is the overtone order (i = 1, 3, 5, . . .). The mass sensitivity constant C is
determined by thematerial properties of the quartz sensor. For themost common sen-
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sors with a fundamental resonance frequency of about 5 MHz, C = 18 ng/cm2/Hz.
A sufficient criterion for the applicability of the Sauerbrey equation is that the vari-
ation in � fi as a function of i (the overtone dispersion) is small. Equivalently, for
5 MHz sensors, �D/(−� fi/ i) � 4 × 10−7 Hz−1 [13].

The film thickness can be readily estimated through (17.13), if the densities of
the organic adsorbate ρo and the ambient solvent ρa are similar (ρeff ≈ ρo ≈ ρa). If
the densities are different, it can be quantified with the help of the ellipsometrically
determined mo

dQCM
eff = 1

ρa

[
mQCM − mo

(
1 − ρa

ρo

)]
. (17.14)

For the same reasons as outlined in the case of ellipsometry, the thickness should be
considered an effective and method-specific property.

Viscoelastic Modeling If the film is laterally homogeneous and gives rise to signifi-
cant dissipation (�Di > 0) then the viscoelastic model can be applied. The QCM-D
response is treated by a continuum model based on the analysis of shear wave prop-
agation in viscoelastic media [14, 16]. The linear viscoelastic properties of the film
are determined by the frequency-dependent storage and loss moduli. The storage
modulus G ′( f ) describes material elasticity and the loss modulus G ′′( f ) = 2π f η
is a measure of the film’s viscosity η. Within a limited frequency range, such as it is
accessible by QCM-D, the frequency dependencies are often well-approximated by
power laws:G ′( f ) = G ′

o( f/ fo)
α′
andG ′′( f ) = G ′′

o( f/ fo)
α′′
, where fo is an arbitrar-

ily chosen reference frequency and the exponents α′ and α′′ are constant. Additional
parameters required to fully determine the properties of the homogeneous film are
the density ρeff and the thickness dQCM

eff .
The products ρeffG ′( f ), ρeffG ′′( f ) and ρeffd

QCM
eff = mQCM as well as α′ and α′′

can be extracted through numerical fitting of QCM-D data at several overtones.
Knowledge of the film density is required to obtain the actual values of dQCM

eff , G ′( f )
andG ′′( f ) from the fitting. This is trivial if ρo and ρa are similar. If they are different,
ρeff can be quantified with the help of the ellipsometrically determined mo through

ρeff = ρa

1 − mo
mQCM (1 − ρa

ρo
)
, (17.15)

as can be seen from (17.14). Independent knowledge of some of the film properties
is also helpful for a model with so many fitting parameters to obtain meaningful
results. If the film is sufficiently thick to determine dSE

eff with good accuracy, and if one
assumes thatdQCM

eff = dSE
eff , then the thickness (or the total arealmass densityρeffdSE

eff of
the solvated film) can actually be provided by ellipsometry. The comparison of dQCM

eff
and dSE

eff , however, is not trivial and should be considered with care. In the practically
relevant case of a polymer brush, for example, the two thickness parameters have
been found to differ by several fold [16].
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Dedicated software for the numerical fitting of QCM data in terms of film prop-
erties is available.1 Reference [17] gives a detailed description of the viscoelastic
modeling procedure, including the determination of joint confidence regions.

17.2.2.2 Monolayers of Discrete Nanoscale Objects

In contrast to effectivemedium approximations in ellipsometry, the effectivemedium
approximation for mechanical properties is not appropriate for films consisting of
discrete nanoscale objects (e.g. globular proteins, liposomes, viruses, nanoparticles),
where the film thickness is about the same as the particle diameter. In such films,
an additional energy dissipation mechanism operates that is not captured by the
continuum model and that is intimately related to the mode of attachment of the
particles to the substrate. To correctly reproduce the full behavior of such systems,
finite element modeling is required that considers explicitly the mode of attachment
of the particles to the substrate. This approach has only recently emerged and its full
potential remains to be explored. The reader is referred to the original literature [13,
18, 19] for information about how this approach can be used to probe mechanical
properties. For our purposes, we consider only the information that can be obtained
through the quantification of hydrodynamically trapped solvent.

Provided that the films are sufficiently rigid, the areal mass density mQCM can
still be extracted through (17.13). Correlation with mo, determined by ellipsometry,
provides the hydrodynamically trapped solvent ma through (17.12). In the limit of
high coverage, almost all solvent in the interstitial space between particles contributes
to the QCM frequency shift, i.e. the areal mass density corresponds to the mass of
particles and liquid within a surface adlayer that is as thick as the particles are
high [18, 20, 21]. The film thickness can in this case be estimated through (17.13)
or (17.14).

Trapped-Solvent Coat Model At lower coverage, the situation can be rationalized
in terms of coats of hydrodynamically trapped liquid that surround each adsorbed
particle. In reality, there is no sharp line separating trapped solvent from free solvent,
but the coats are a useful approximation to the complex hydrodynamic effects that
come into play in these films. An empirical model that assumes that the shape of the
liquid coat around each adsorbed particle is fixed, and that particles are randomly dis-
tributed on the surface, has proven remarkably successful in quantitatively reproduc-
ing the coverage-dependent contribution of trapped solvent to mQCM (Fig. 17.4) [22,
23]. If the contribution of hydrodynamically trapped solvent, f ma = 1 − mo/mQCM,
is determined in a coverage dependent manner, this model can be used to extract
quantitative information about the organization of particles on the surface. If particle
weight and lateral distribution are known, particle size and height-to-width ratio can

1The software QTM is freely available for download (http://www2.pc.tu-clausthal.de/dj/software_
en.shtml), and features an automated analysis of joint confidence regions for the obtained results.
The software QTools is available from Biolin Scientific (http://www.q-sense.com).

http://www2.pc.tu-clausthal.de/dj/software_en.shtml
http://www2.pc.tu-clausthal.de/dj/software_en.shtml
http://www.q-sense.com
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(a) (b)

(c)

(d)

Fig. 17.4 Empirical approach to describe the contribution of trapped solvent to mQCM for mono-
layers of discrete nanosized objects. a Plots of f ma against fractional surface coverage, determined
from combinations of optical mass-sensitive techniques (reflectometry or ellipsometry) [22, 23]
with QCM-D for the adsorption of particles of various sizes and height-to-width ratios: cow-pea
mosaic virus (CPMV; green triangles), cholera toxin B5 subunit (CTB5; blue circles) and avidin
(red squares). The particles’ structure and orientation on the surface are also shown (insets; CPMV
has a diameter of 28 nm, sizes of CTB5 and avidin are enlarged 4-fold with respect to CPMV).
Generally, f ma decreases with increasing coverage. Themagnitude of f ma and the rate of its decrease
with coverage are sensitive to the particles’ height-to-width ratio and internal liquid content. Black
lines are fits to the data with the trapped-liquid coat model, described in detail in b–d. b Phenomeno-
logically, the trapped liquid can be rationalized as a coat (light blue) that surrounds each adsorbed
molecule (red). With increasing coverage, these coats increasingly overlap, leading to a decrease
in f ma . c The amount of trapped liquid also depends on the lateral organization of surface-bound
material. A compact cluster traps less liquid than if the particles were dispersed homogeneously
across the surface. In this way, the measured areal mass density becomes sensitive to the lateral
organization of surface-bound material [23]. d To fit the data shown in a, particles were modeled
as upright cylinders carrying liquid coats with the shape of truncated cones. It was further assumed
that the particles were randomly distributed on the surface. Fitting the experimental data in a with
z and l as free parameters yields l/z = 1.35 ± 0.15. The steepness l/z of the coat is independent of
the particle size (sizes up to 30 nm were tested) and height-to-width ratio (ratios between 0.3 and
1 were tested) [23]. To what extent these simple geometrical assumptions work for particles with
arbitrary shape is subject to discussion and needs further research. Adapted from [13]

be determined. If the particle size and orientation on the surface are known, informa-
tion about the lateral distribution of particles, such as the degree of clustering (e.g.,
protein oligomerization) can be obtained [23]. Dedicated software to simulate the
coverage-dependent f ma is available.2

2A MATLAB routine to predict the coverage-dependent f ma as a function of the particle size,
mass and aspect ratio, and for a selected set of lateral distribution scenarios is freely available for
download (http://www.rrichter.net).

http://www.rrichter.net
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17.3 Practice

17.3.1 Experimental Setup

Figures17.5 and 17.6 illustrate the experimental setup for combined SE/QCM-D
measurements. The SE and QCM-D are computer-controlled via (separate) user
interfaces, and the temperature of the fluid cell is controlled through the QCM-D
interface. SE and QCM-D data are acquired simultaneously, and typically continu-
ously, with a time resolution on the order of one data set per second. A proper design
of the fluid cell and the fluid handling system is critical for the quality of the obtained
data.

17.3.1.1 Fluid Cells

Closed Fluid Cell A closed fluid cell for combined SE/QCM-D measurements
(Fig. 17.7a) is commercially available. The closed design facilitates sequential expo-
sure of different sample and rinsing solutions to the sensor surface, through applica-
tion of a pump-driven flow at defined rates to the outlet tubes. Typically, a minimum
of∼0.3ml of each sample solution is required. Sample handling can be implemented
manually (e.g., [23]) or through an automated fluid handling system (e.g., [24]).

The reaction chamber is formed by the circular sensor surface and an opposite
wall of equal shape, separated by ∼1 mm using an O-ring that also defines the
chamber diameter of ∼12 mm. An inlet and an outlet for the exchange of liquid

Fig. 17.5 Schematic of the combined SE/QCM-D setup. 1—light source, 2—unpolarized light,
3—polarizer, 4—rotating compensator, 5—polarized light, 6—polarized light altered by sample
surface, 7—analyzer, 8—detector, 9—optical windows, 10—QCM sensor surface, 11—QCM sen-
sor control, 12—fluid inlet, 13—fluid outlet(s), 14—O-ring for sealing
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Fig. 17.6 Photos of combined SE/QCM-D setups, built from aQ-Sense E1 QCM-D system (Biolin
Scientific) andM2000 SE systems (J.A.WoollamCo.) with a horizontal (top) and a vertical (bottom)
plane of incidence, respectively. 1—closed SE/QCM-D fluid cell with tubing for fluid flow, 2—
peristaltic pump, 3—E1 QCM-D module, 4—QCM-D electronics unit, 5—SE light source unit,
6—SE detector unit, 7—SE goniometer

(a) (b)

Fig. 17.7 Schematic of closed (a) and open (b) fluid cells. Reproduced with permission from [23].
Copyright 2010 American Chemical Society

are positioned opposite one another close to the O-ring on the non-sensor wall. In
addition, two liquid-filled cylindrical channels of ∼2 mm diameter are connected to
the reaction chamber with an angle of 65◦ relative to the sensor surface normal. At
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its extremity, each light channel is equipped with an additional liquid outlet and a
BK7 glass window. The probing light beam enters and leaves the chamber through
the glass windows. The windows are mounted at perpendicular incidence and with
minimal stress, to minimize any effect on the polarization of the probing beam.

Open Fluid Cell One of the authors has recently reported an open fluid cell for
combined SE/QCM-Dmeasurements (Fig. 17.7b) [23]. The open design allows for a
small volume of concentrated sample solution to be injected with the aid of a pipette,
and a stirrer ensures rapid homogenization (i.e. within a few seconds) of the ∼2 ml
cell content. This design is particularly useful to realize conditions of uniformly
accessible surfaces in still solution.

Based on a traditional cuvette design [25], the cell has a trapezoid-shaped bottom
and an open top. The sensor surface is integrated into the cuvette’s back wall. The
light beam enters and leaves at perpendicular incidence through the side walls, which
are made from BK7 glass. A magnetic stirring bar is placed on the bottom of the
cuvette and driven by an external motor at speeds of typically ∼200 rpm. The open
fluid cell requires the plane of incidence of the probing light beam to be horizontal
with an angle of incidence of 70◦.

17.3.1.2 Uniformly Accessible Surfaces

Frequently, the rate of binding at surfaces is limited by mass transport—through
diffusion or convection—of the molecules in solution [26]. In these cases, it is of
particular importance that the transport conditions are designed such that the sensor
surface is homogeneously accessible.While QCM-D and SE are sensing on the same
surface, the size and shape of the sensing regions do not match exactly. To properly
correlate the two techniques, one has to ensure that deposition occurs homogeneously
across the sensor surface over a sufficiently large area. This has implications for the
fluidic conditions that should be used if adsorption ismass-transport limited.A simple
and reliable way to achieve the condition of a uniformly accessible surface with the
available setups is to work in still solution, i.e. to rapidly inject and homogenize the
sample and then to track the binding in the absence of any flow or stirring. Reference
[23] provides a detailed description of how this can be implemented.

17.3.2 Data Acquisition Procedure

Figure17.8 illustrates the combined SE/QCM-D data acquisition procedure. Before
the dynamic and combined measurement, three separate SE-only data sets are taken.
First, an SE measurement, denoted here as SE-NoCell, is taken on the appropriately
prepared QCM-D sensor surface in the absence of the fluid cell. Next, the sensor
is installed in the fluid cell, and a second SE measurement SE-Cell is acquired.
In parallel, QCM-D measurement QCM-Cell is started. The QCM-D measurement
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Fig. 17.8 Combined SE/QCM-D data acquisition flowchart

is useful to ascertain that the QCM-D sensor works with appropriate stability and
noise levels. Next, the liquid cell is filled with the ambient liquid of choice, and SE
measurement SE-Liq is then taken. At this step, it is important to ascertain that the
liquid cell is free of air bubbles. A deformed shape and/or heterogeneous brightness
of the light beam after passage through the fluid cell can provide indications of
bubbles in the light path. Alternatively, the beam path through the fluid cell can
also be directly examined with the aid of dental mirrors (one over each window to
prevent being temporarily blinded by bright light from the SE). Too low changes in
the QCM-D responses upon switching from air to liquid and/or unstable responses
in liquid (in particular for i = 1 or 3) are a good indicator for the presence of bubbles
on the sensor surface. Throughout all measurements, the SE angle of incidence is set
to the liquid cell’s optical port angle (e.g., 65◦ for the closed fluid cell).

At this point, the dynamic and combined measurement is ready to begin. Acqui-
sition of time-resolved SE (SE-Dyn) and QCM-D (QCM-Dyn) data is ideally started
simultaneously to enable proper correlation of data at a given time point. In prac-
tice, a small delay (typically <1 s) cannot be avoided, because acquisition is started
manually through a mouse click.

17.3.3 Data Analysis Procedure

The raw SE (i.e. Ψ (λ, t) and �(λ, t)) and QCM-D (i.e. � f (i, t) and �D(i, t)) data
are analyzed through the protocol summarized by Fig. 17.9.
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Fig. 17.9 Combined SE/QCM-D data analysis flowchart

17.3.3.1 Areal Mass Densities

The optical model described in Sect. 17.2.1 can now be built by incorporating the
three separate SE data sets. Substrate parameters, offsets due to window and angle-
of-incidence (AOI) effects, and substrate modification due to liquid exposure are
accounted for by best-matching SE-NoCell, SE-Cell, and SE-Liq data, respectively,
to data generated by the optical model. A Cauchy layer with dSE

eff and neff(λ) is
then added to the optical model to represent the organic film. Depending on the
approach of choice, either dSE

eff and neff(λ) (for Lorentz and de Feijter) or do (for
virtual separation) are treated as variable fit parameters for each individual data set
(i.e. at a given time) in the dynamic SE data set SE-Dyn. Through (17.8), (17.7) or
(17.3),mo is then determined. For organic filmsmade up from several discrete layers,
the optical model can be expanded by additional layers.

The QCM-D data can be treated using Sauerbrey’s equation or viscoelastic mod-
eling to extract mQCM(t), and with the viscoelastic model the (time-dependent) film
mechanical properties can also be quantified. Unlike for the optical data, themechan-
ical properties of the substrate do usually not need to be precisely known to determine
the properties of the organic overlayer(s), becausemost substrates—including typical
metal or metal oxide layers—are well-described as rigid and non-dissipative layers
that obey Sauerbrey’s equation.
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Table 17.1 Determination of film solvation parameters frommo andmQCM. ρa and ρo are assumed
to be known. Note that some of the equations simplify considerably, if ρo ∼= ρa

Parameter Determined through formula

Trapped solvent areal mass density ma = mQCM − mo

Film density ρeff = ρa
1− mo

mQCM (1− ρa
ρo

)

Adsorbate mass fraction f mo = mo
mQCM

Trapped solvent mass fraction f ma = 1 − mo
mQCM

Adsorbate volume fraction f Vo = ρeff
ρo

mo
mQCM

Trapped solvent volume fraction f Va = 1 − ρeff
ρo

mo
mQCM

Film thickness dQCMeff = mQCM

ρeff

17.3.3.2 Solvation/Porosity

Through time-resolved correlation of mo and mQCM, the amount of solvent that is
coupled to the film can be determined. Because the time resolution of SE and QCM-
D data is typically not identical, interpolation of one data set is required before
time-resolved correlation can be pursued.

For laterally homogeneous films, the coupled solvent relates to film solvation or
porosity. For the reader’s convenience, Table17.1 reviews the formulae for the calcu-
lation of quantities related to film solvation. For ultra-thin films, solvation/porosity
can be accessed exclusively with combined SE/QCM-D data. For thicker films, the
parameters listed in Table17.1 can alternatively be determined from SE data alone,
by taking advantage of the ellipsometric film thickness dSE

eff . In this case, mQCM is
replaced by dSE

eff ρeff , with ρeff = ρa + mo/dSE
eff (1 − ρa/ρo). We remind that thickness

parameters are effective and instrument-specific. They may vary significantly, if the
film exhibits a fuzzy boundary, or more generally, if the density within the film varies
along the surface normal. Accordingly, solvation data determined throughmQCM and
dSE
eff , respectively, may differ systematically.
For monolayers of discrete nanoscale objects, the interpretation of hydrodynami-

cally coupled solvent as film solvation/porosity is only meaningful if the monolayer
is dense. For sparsely covered surfaces, the simplifying approximation of a continu-
ous film is not adequate for QCM-D. Here, the trapped-solvent coat model (Fig. 17.4)
can be useful to extract information about the organization of particles (e.g., particle
size and height-to-width ratio, or clustering) on the surface.
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17.3.3.3 Optical and Mechanical Properties

Naturally, the optical and mechanical properties that are accessible with SE and
QCM-D, respectively, remain accessible with the combined setup, and the reader is
referred to specialized publications for a detailed treatment of how these properties
are determined from the response of each technique. In principle, the combined
setup enables a direct correlation of the mechanical and optical properties of a given
organic film. To our knowledge, the potential of the SE/QCM-D combination in this
regard remains unexplored and an interesting subject for further study.

The information about film thickness and porosity, determined as described in the
preceding section, can be valuable for the quantification of optical and mechanical
properties. In particular, knowledge of ρeff is required to extract G ′ and G ′′ from the
quantities ρeffG ′ and ρeffG ′′ that are provided by the viscoelastic model. Similarly,
neff of ultra-thin films can be estimated through (17.4), (17.5) or (17.8), if the volume
fraction of adsorbate and solvent, or equivalently the film thickness, are known.

17.4 Applications

In this section, we shall illustrate current and emerging applications for the com-
bined SE/QCM-D setup through selected examples. In some cases, data analysis ap-
proaches that are useful for the SE/QCM-D combination have first been developed
based on data obtained through the combination of QCM-D with other optical mass-
sensitive techniques such as surface plasmon resonance (SPR), single-wavelength
ellipsometry or optical reflectometry. Where appropriate, we will therefore also refer
to these techniques.

Example 1: Formation of a Self-assembled Monolayer Alkanethiols are hydro-
carbons with a sulfur head group, a hydrocarbon chain body, and a functionalized
tail group exhibiting a desired surface chemistry, and known to form self-assembled
monolayers (SAMs) through the interaction of the head group with gold. SAMs are
useful as uniform, cost-effective coatings for adjusting a substrate’s surface proper-
ties [27]. Figure17.10 shows data from a combined SE/QCM-D measurement for
the formation of an 8-mercapto-1-octanol SAM in aqueous solution. SAM forma-
tion from ethanol solution can be monitored in a similar way [28]. From the data,
it is evident that a fast initial growth step is followed by a slower second process,
in agreement with the literature [27]. f Vo is uniform throughout the measurement,
implying that the porosity is constant throughout the ultra-thin film growth. Note
that the thickness measured by QCM-D, dQCM

eff = 6 nm, exceeds the length of the
molecules fromwhich the SAM ismade by about 3-fold. This indicates that the SAM
is not perfect but that aggregates are likely to be present on the SAM.

Example 2: Controlling the Preparation of Biofunctional Films for Analytical
Applications Self-assembled monolayers that incorporate single-stranded DNA
molecules are widely used for analytical applications that include genotyping,
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Fig. 17.10 Thickness parameters do and dQCMeff , and adsorbate fraction f Vo as a function of in-
cubation time of 2 mM 8-mercapto-1-octanol solution. The measurement was performed with a
closed fluid cell in purified water. At about 130 min (after a desired baseline had been reached), a
2 mM aqueous alkanethiol solution was injected. Flowwas initially applied, at a rate of 0.1ml/min,
until about 130 min, and then stopped. do was determined using the virtual separation approach
(see Sect. 17.2.1.1) and no = 1.484; dQCMeff was determined through (17.13) and ρo = 0.93 mg/ml
(no = 1.484 and ρo were provided by the manufacturer). From these data f Vo was determined from
ρa = 1.0 mg/ml and equations in Table 17.1

protein and small molecule detection, and high-throughput affinity screening. Char-
acterizing the formation and interrogation of DNA-based sensors using SE/QCMhas
the potential to elucidate factors that contribute to sensor response, such as surface
conformation and hybridization efficiency.

Figure17.11 demonstrates that SE/QCM is capable of characterizing sub-
nanometer average thickness changes and the porosity of multiple-component, bi-
ological, ultra-thin films. The DNA probe, a stem-loop probe specific for a region
surrounding codon 12 of the K-ras gene, mutations of which are often present in
pancreatic cancer lesions [29], was conjugated to a six-carbon alkanethiol moiety
for attachment to a gold substrate and the surface was subsequently backfilled with
6-mercapto-1-hexanol to enhance stability. Non-coding DNA (BRCA2) and K-ras
target DNA (all DNA constructs fromBiosearch Technologies, Novato, CA)were se-
quentially added. The resolution in mo and d

QCM
eff in this measurement is 0.1 ng/cm2

and 0.1 nm, respectively. It is notable that the adsorbate volume fraction f Vo after
the first deposition step is close to 1, suggesting that the probe aptamer binds in a
flat conformation, potentially driven by nonspecific interactions between DNA and
gold.
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Fig. 17.11 Evolution of thickness parameters do and d
QCM
eff , and adsorbate fraction f Vo during the

construction of a multiple-component organic film on gold. The measurement was performed with
a closed fluid cell in buffer solution (20 mM Tris, 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM
MgCl2 at pH 7.4) at a flow rate of 50 µl/min. do was determined using the virtual separation ap-
proach (see Sect. 17.2.1.1) assuming no = 1.50; dQCMeff was determined through (17.13) assuming
ρo = 1.0 mg/ml. Immobilization of probe aptamer, backfilling with 6-mercapto-1-hexanol, expo-
sure to non-complementary DNA, and complementary DNA are denoted by Probe,Monolayer, NC
DNA, andCDNA, respectively. Note the decrease in thickness upon monolayer formation, the shifts
in adsorbate fraction when non-complementary and complementary DNA are introduced, and the
differences between SE and QCM-D thickness responses for non-complementary and complemen-
tary DNA interrogation. The graph is shaded when buffer solution rinses proceeded through the
fluid cell

17.4.1 Solvation and Swelling of Polymer Films

Iturri Ramos et al. [30] applied the combined SE/QCM-D setup to quantify the hydra-
tion of polyelectrolyte multi-layers (PEMs), i.e. films that are formed through alter-
nate adsorptionof polycations andpolyanions onto a charged substrate.Correlationof
SE and QCM-D data revealed drastic variations in film hydration as a function of the
polyelectrolyte species employed for multilayer construction, and the ionic strength
of the ambient solution. In particular, films made of poly(diallyldimethylammonium
chloride) and poly(sodium 4-styrenesulfonate) could be observed to swell and col-
lapse in cycles, depending on which polyion was deposited last.
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Stimuli-responsive polymerfilms are nowpopular for awide rangeof applications.
The ability to quantify both adsorption/desorption and swelling/collapse processes,
and to distinguish between them, constitutes a particular strength of the combined
setup for the study of such systems.

17.4.1.1 Effective Thickness of Films with a Density Profile

In a pioneering study, Domack et al. [16] combined QCM and ellipsometry on the
same substrate to study the swelling of polymer brushes, i.e. filmsmade frompolymer
strands that are end-grafted at high density to a substrate. The polystyrene brushes
under investigation had a thickness on the order of 100 nm, i.e. well above the ultra-
thin film limit, allowing independent determination of dSE

eff and dQCM
eff . Comparison

of both quantities revealed that dQCM
eff was up to several times larger than dSE

eff . In
order to extract film thickness parameters, the authors assumed that the polymer
density within the film is constant and that the film-ambient interface is sharp (“box
profile”). The density in polymer brushes, however, is known to decrease smoothly
with the distance from the substrate, and this effect is accentuated if the brush-forming
polymers have a broad size distribution. By comparing theory and experiment, the
authors demonstrated that the difference in the effective thickness parameters arises
because the acoustic contrast is much higher than the optical contrast in such films
[14].

More generally, dQCM
eff is expected to be larger than dSE

eff as soon as the interface
between the organic film and the ambient solution becomes fuzzy. In many exper-
imentally relevant cases, the density profile of the polymer film of interest is not
known. Detailed theoretical analysis [14, 16, 31] shows that the data available from
eitherQCM-Dor SE alone are usually not sufficient to resolve the shape of the density
profile for organic thin films. Here, the magnitude of the discrepancy between dQCM

eff
and dSE

eff can provide insight about the “fuzzyness” of the film-ambient interface.

17.4.2 Calibration Curves

The requirements imposed by the combined setup make it difficult to miniaturize the
fluid cell. As a consequence, the applicability of the SE/QCM-D combination may
be limited, if the amount of available sample is restricted. In contrast, QCM-D and
ellipsometry alone can operate with significantly smaller liquid volumes of 100 µl
and less per sample incubation step. Moreover, parallelization remains a challenge
with the combined setup while it is readily available for QCM-D (and feasible for
ellipsometry [32]) alone. In systematic studies that involve repeated immobilization
of a given molecule at different surface densities, it is often useful to quantitatively
relate theQCM-D responses to surface coverage. To this end, a selectedmeasurement
with the combined setup can be performed to “calibrate” the QCM-D response.
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(a) (b)

Fig. 17.12 QCM-D frequency shifts � f versus grafting density Γ for an ultra-thin film of FG
domains of the nucleoporin Nsp1. Nucleoporin FG domains are intrinsically disordered protein
domains rich in phenylalanine-glycine (FG) dipeptides. a In the present experiment, FG domains
were end-grafted through N-terminal histidine tags to a Ni2+-NTA functionalized supported lipid
bilayer (SLB). The FG domains form a film of entangled and/or transiently cross-linked polymers
of a few 10 nm in thickness. These FG domain films represent a well-defined model system of
the so-called nuclear pore permeability barrier, which regulates transport of macromolecules into
and out of the nucleus of eukaryotic cells [17, 35]. b The plot was obtained from a combined
SE/QCM-D measurement with the open fluid cell, as described in [17]. Grafting densities were
derived from mo and the FG domain’s molecular mass. The plot represents a “calibration curve”.
With the aid of this curve, films of desired grafting density can be created in measurements with
QCM-D alone, by interrupting the incubation with proteins at the equivalent frequency shift. The
curve is approximately linear, with a slope of 16 Hz/(pmol/cm2)

The calibration curve can then be used to correlate areal adsorbate densities with
frequency (or dissipation) responses for a large set of measurements with QCM-D
alone. Figure17.12 provides an example of such a calibration curve, and [33, 34]
illustrate how calibration curves can be put to practical use.

It is notable that the relationship between� f andmo inFig. 17.12 is approximately
linear. Such linear relationships have been found in a number of different organic
films, such asmonolayers of polymers that adsorb to the substrate throughnonspecific
[36] or biospecific [36] interactions, and polymer brushes [37]. The proportionality
between � f and mo makes calibration conveniently simple. Further studies will be
required to test how generalized this feature is and what the physical reasons for the
linear response are.

17.4.3 Trapped Solvent in Monolayers of Discrete Nanoscale
Objects

In the case of monolayers of discrete particles, the linearity seen in Fig. 17.12 is
not typically observed. For sufficiently rigid films, i.e. in the Sauerbrey limit, the
linearity would imply that f ma does not depend on surface coverage.
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Reimhult et al. [38] integrated two separate yet identically prepared sensing sur-
faces into one fluid cell for combined QCM-D/SPR measurements. The cell was
designed such that mass-transport conditions on both surfaces were comparable,
enabling time-resolved correlation of QCM-D and SPR data. A study on the forma-
tion of monolayers of the protein streptavidin revealed that f ma depends sensitively
on surface coverage. With a different setup, combining optical reflectometry and
QCM-D on the same surface, Bingen et al. [22] later revealed that this phenomenon
can be reproduced quantitatively through the empirical trapped-solvent coat model
(Fig. 17.4). With such a model, it is now possible to make quantitative predictions
about the QCM-D frequency response for monolayers of discrete nano-scale objects,
as a function of surface coverage, particle size and weight, and lateral distribution
and orientation of the particles on the surface [22, 23].

Frequently, the degree of solvation (or the fraction of trapped solvent) depends
sensitively on the morphology of thin organic films. Consequently, quantification of
solvation can inform about the organization of and morphological changes in such
films. A well-known example is the formation of supported lipid bilayers by the
method of vesicle spreading [38–40].

17.5 Conclusions and Perspectives

The combined SE and QCM-D setup is a powerful tool for the label-free charac-
terization of organic films on surfaces. The method is versatile, because it can be
applied on a large variety of substrates and over a large range of film thicknesses,
from Angstroms to micrometers. Jointly, the two techniques can provide a wealth of
qualitative and quantitative information, including film mass, thickness, solvation,
morphology, optical and mechanical properties. The correlation of SE and QCM-D
data can provide novel insight, that is not availablewith either technique alone.A cen-
tral parameter is solvation (or porosity or trapped solvent) which becomes accessible
for ultra-thin films (i.e. up to a few nm), or can be determined with greatly improved
precision for films of intermediate thickness (i.e. up to a few 10 nm). Thanks to this
parameter, additional quantities can be resolved, such as the film’s effective refrac-
tive index, density and thickness, or the organization of surface-confined molecules.
Data analysis and interpretation varies with the nature of the film under study, and
we hope to have given the users the necessary tools for identifying and applying the
methods that are appropriate for their films of interest.

With ongoing development and research, the future is likely to bring further im-
provements in SE or QCM-D instrumentation and in the qualitative and quantitative
understanding of data from the respective methods. From these advances, additional
and refined methods with combined SE/QCM-D setups should emerge, for the in-
depth characterization of increasingly sophisticated and complex films. For example,
optically anisotropic (birefringent) organic films or mixed organic/inorganic films
that arise on topographically patterned/sculpted surfaces, or upon integration of in-
organic inclusions (nanoparticles) into organic films, are interesting for a broad range
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of applications yet remain challenging to characterize. Here, generalized ellipsome-
try might provide access to an improved optical characterization.

Another promising perspective is the integration of additional techniques in the
SE/QCM-D setup. For example, integration of SE/QCM-D with electrochemistry,
should be of interest for a broad range of applications. Such a setup would provide
access to optical, electrochemical and mechanical properties at the same time. Al-
ternatively, electrochemical manipulation can be used to actuate stimuli-responsive
films while SE/QCM-D provides direct access to the ensuing changes in optical,
mechanical and morphological properties.
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Chapter 18
TIRE and SPR-Enhanced SE
for Adsorption Processes

Hans Arwin

Abstract Ellipsometry configurations in internal reflection mode facilitate studies
of adsorption processes without the light beam passing through the medium from
which adsorption occurs. Monitoring of adsorption processes on surfaces in opaque
media is thus possible. If the surface in addition has a thin semitransparent metal film
in which surface plasmon polaritons can be excited, one can achieve very high sen-
sitivity to small changes in surface mass density of an adsorbed biolayer. Thickness
changes as small as one pm can be resolved. In this chapter the theory for Total Inter-
nal Reflection Ellipsometry (TIRE), also called surface plasmon resonance enhanced
ellipsometry, will be described and instrumentation will be briefly discussed. TIRE
applied in spectroscopic as well as in angle of incidence interrogation modes will be
considered. Finally applications in the areas of bioadsorption processes, biosensing,
gas adsorption and biolayer imaging will be reviewed.

18.1 Introduction

The surface plasmon-polariton phenomenon has been exploited extensively for
biosensing and it is commonly referred to as the surface plasmon resonance tech-
nique or shortly SPR. The basic concept is that at a thin gold layer on a glass sur-
face is exposed to biomolecules, whereby the irradiance of internally reflected light
polarized parallel to the plane of incidence (p-polarized) strongly depends on the
adsorbed mass of biomolecules on the gold surface. The physics/optics of the SPR
sensor concept can be described briefly as follows. At a gold/liquid interface a surface
electromagnetic mode can be excited by light incident through a prism onto which
a thin gold layer has been deposited. If the angle of incidence, gold layer thickness
and wavelength are optimized, the energy from the incident electric field component
parallel to the plane of incidence is coupled to a surface plasmon wave and a quasi-
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particle, a surface plasmon-polariton (SPP) is excited. A minimum in the reflectance
curve, often called the SPR dip, is then observed and in principle all energy can be
coupled from the p-component of the incident light to the SPP at resonance. The
angular position of the minimum becomes very sensitive to the refractive index of
the medium close to the gold surface. If biomolecules are adsorbing on the surface
of the gold layer within the evanescent field depth, they will modify the refractive
index and can therefore easily be detected and quantified.

In this chapterwewill discuss the use of ellipsometry in internalmodewith empha-
sis on SPP enhancement. Figure18.1a shows an example of a basic configuration and

(a)

(b)

Fig. 18.1 a The Kretschmann configuration for SPP excitation exemplified with an ellipsometer
in a rotating analyzer configuration. Reprinted from [1] with permission from Elsevier. b Internal
reflection configuration based on a null ellipsometer in an imaging mode. Reprinted from [2] with
permission from Elsevier
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Fig. 18.1b an implementation in imaging mode for high throughput biosensor appli-
cations. Ellipsometry is established as a versatile tool to study surfaces and thin films.
For thickness determinations the resolution depends on the sample studied but it is
commonly agreed on that the detection limit is in the pm range. Aspnes [3] reports
that in a fab-air environment, the standard deviation for determination of the effective
thickness of a 1.57nm thick native oxide layer on silicon can be as low as 130 fm.
The high thickness sensitivity combined with the fact that measurements are non-
destructive, does not require labeling of molecules and can be used in non-vacuum
environments including liquids, have lead to that ellipsometry has been proposed
as read-out principle in sensor systems [4, 5]. Both biosensors [6, 7] and chemical
sensors [8] have been demonstrated.

Early work by Abelès [9] showed that ellipsometric monitoring of surface elec-
tromagnetic waves is very sensitive for superficial films. Bortchagovsky et al. [10]
showed that ellipsometry with surface plasmon excitation provided enhanced sensi-
tivity for studies of fullerene embedded in Langmuir–Blodgett films. Further devel-
opments to exploit the enhancement of sensitivity for in situ ellipsometry in a
Kretschmann configuration, i.e. in internal reflection mode as shown in Fig. 18.1a
and using a thin metal film on a glass prism similar to the configurations used
in SPR techniques, were demonstrated later [11–13]. The concept is illustrated in
Fig. 18.2, which shows internal reflection ellipsometric spectra recorded before and
after adsorption of a monolayer of the protein human serum albumin (HSA) on a
thin gold film [11]. The minima in the Ψ -curves resemble the minima observed
in an SPR experiment. The shape of each minimum in Ψ is close to the square
root of the SPR-reflectance which implies that the Ψ minima in fact are sharper
than the corresponding SPR minima. Ellipsometry also provides access to the
�-spectra which gives additional and more sensitive readout about the adsorbed
layer as we will discuss later. For adsorption of a protein monolayer on gold, changes
in the ellipsometric parameter � of 90◦ or more are observed [13] in internal mode
ellipsometry experiments compared to a few degrees in ordinary external mode ellip-
sometry [14].

The methodology has been called total internal reflection ellipsometry (TIRE)
[11] and also surface plasmon resonance enhanced ellipsometry (SPREE) [12].

Fig. 18.2 � and Ψ without
and with a monolayer of the
protein human serum
albumin (HSA) on a 50nm
gold film on glass in
phosphate buffered saline
(PBS, pH 7.4) at an angle of
incidence of 70◦. Modified
from [11]
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Applications without SPR-enhancement but in internal reflection mode are often
refereed to as IRE [15]. The acronym TIRE will be used in this chapter. TIRE shows
several similarities to SPR techniques for sensor applications. A major difference
is, however, that in SPR only the intensity information for reflection of p-polarized
light is utilized, whereas TIRE in addition utilizes the reflection properties in the
direction perpendicular to the plane of incidence (s-polarization). Ellipsometry is
technicallymore complex but has twomajor advantages over SPR techniques: (1) the
s-polarization provides a reference for the overall irradiance transmittance and (2) not
only the amplitude (irradiance) information in the reflected beam is utilized but also
phase information in terms of the ellipsometric parameter �. An approach related
to ellipsometry has earlier been proposed by Kabashin et al. [16] who suggested
to enhance the resolution of SPR-based bio- and chemical sensors by using phase-
polarization contrast. Nelson et al. suggested a sensing configuration in an SPR
heterodyne phase detection mode [17] and demonstrated that detection by means
of phase modulation has three times higher resolution compared to a configuration
based on angle of incidence or wavelength modulation.

The objective with this chapter is to review the development, recent applications
and current status of TIRE. The outlined is as follows. In the next section the theory
of ellipsometry is expanded to include SPP’s. The objective is to discuss sample
configuration requirements and how Ψ and � depend on them. Then follows a very
short and general presentation of experimental setups for TIRE. The applications
section describes selected examples of bioadsorption/biosensing, gas adsorption and
TIRE imaging. Finally a short outlook is given.

18.2 Theory

A brief theoretical background to TIRE is presented here. It should be noticed that
the phenomena are fully included in the Fresnel formalism and are readily modeled
in multilayer systems using e.g. scattering matrix formalisms [18]. However, such
a treatment does not provide a detailed insight into the physics and dependence on
system parameters. An analytic approach is therefore presented here to illustrate
the phenomena even though some approximations will be necessary. The reader is
assumed to be familiar with the basics of ellipsometry as described elsewhere in this
book.

18.2.1 Surface Plasmon-Polaritons

The Dispersion Relation of a Surface Plasmon-Polariton For a transverse mag-
netic wave, corresponding to the p-polarization, the wave vector is q = (qx , 0, qz)
using a coordinate system as defined in Fig. 18.3a with the xz-plane as the plane of
incidence. By combining Maxwell’s curl equations it can be shown that they have
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(a)
(b)

Fig. 18.3 a Two half-infinite media, an ambient and a metal, with dielectric functions εa and εm
separated by an interface parallel to the xy-plane at z = 0. k0 is the wave vector of light incident at
an angle θ and qSP the x-component of the wave vector of an SPP. n0 is the refractive index of the
ambient and is assumed real-valued whereas the second medium index N1 = n1 + ik1 generally
is complex-valued. b Two half-infinite dielectric media, an ambient and a substrate, with dielectric
functions εa and εs separated by a metal layer with thickness d and dielectric function εm . The
substrate refractive index is in amajority of cases real-valued but is generally denoted N2 = n2+ik2

a solution corresponding to a surface-bound wave propagating along an interface
between two semi-infinite media as indicate by the x-component qSP of the wave
vector q in Fig. 18.3a [19]. With the boundary conditions of continuity of the tan-
gential fields across the interface, the allowed solutions must obey [19]

qz0
εa

+ qz1
εm

= 0 (18.1)

where qz0 and qz1 are z-components of q in the ambient and metal, respectively. εa
and εm are the dielectric functions of the ambient and the metal, respectively, and
are related to the corresponding refractive indices as εa = n20 and εm = N 2

1 . The
dispersion relation for the surface wave is found to be [19]

q∞
SP = 2π

λ

√
εaεm

εa + εm
= q ′∞

SP + iΓ ∞. (18.2)

Here q∞
SP = qx0 = qx1 at the interface and q ′∞

SP and Γ ∞ (= q ′′∞
SP ) are the real

and imaginary parts of q∞
SP with ∞ indicating the semi-infinite geometry shown in

Fig. 18.3a.
We are here only concernedwith surface-boundwaves and thus qz0 and qz1 ideally

should be purely imaginary. Otherwise waves propagating in the z-direction would
exist. If we therefore restrict to qz0 = i |qz0| and qz1 = i |qz1| we can rewrite (18.1)
as

εm = −εa
|qz0|
|qz1| . (18.3)

For the configurations of interest for us, the ambient medium is dielectric with εa
real-valued and positive, e.g. air, water or glass. Under these conditions it follows
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from (18.3) that the second medium should be a material with a real-valued and
negative εm . However, as we will discuss later, for the SPP-phenomenon to occur,
εm = ε′

m + iε′′
m must have a small but non-zero imaginary part ε′′

m . Several metals
including silver and gold fulfill the above requirements of ε′

m < 0 and ε′′
m � |ε′

m |.
The solution to Maxwell’s equations discussed here is called a surface plasmon-

polariton (SPP). The field associated with an SPP has its maximum at the interface
and decrease exponentially (evanescent fields) into both media as qz0 and qz1 are
purely imaginary. The source of the field is a charge oscillation in the metal surface.
The SPP wave propagates along the interface described by qx = q∞

SP in (18.2).

Excitation of a Surface Plasmon-Polariton Using Light In the geometry of
Fig. 18.3a we can have an incident beam of light at an angle of incidence θ . The wave
vector for the light1 is k0 = (kx0, 0, kz0) with |k0| = 2π

√
εa/λ. The x-component

could potentially be used to excite an SPP wave. However, for an ambient with a
real-valued index of refraction n0 = √

εa we have

kx0 = 2π

λ

√
εa sin θ = 2π

λ
n0 sin θ (18.4)

and for no θ we can find a match so that kx0 becomes equal to q ′∞
SP in (18.2) as

it always holds that kx0 < q ′∞
SP . To resolve this problem, the trick is to use a thin

semi-transparent metal film with thickness d on glass as shown in Fig. 18.3b. As we
will see later, the ambient in a TIRE setup is often in shape of a glass prism. The
x-component of the wave vector of incident light will be the same as before, i.e. as
described by (18.4). The x-components kx0 = kx1 = kx2 are also invariant through
the structure and can be tuned by n0 or θ to match the x-component of the SPP at the
metal/substrate interface. Notice that the SPP is now at the metal/substrate interface
andnot at themetal/ambient interface as in the two-phasemodel inFig. 18.3a.q∞

SP will
thus be determined by εm and εs and kx0 and q∞

SP can be tuned independently tomatch
each other.

A small complicating factor is that for a thin metal film, the SPP conditions at
the metal/substrate interface in Fig. 18.3b will be slightly different compared to the
case with a semi-infinite metal in Fig. 18.3a. Due to the presence of the prism, or
rather that the prism is replacing metal except for the thin film region, a perturbation
term �qSP must be added to q∞

SP and εa must be replaced with εs . We now obtain a
modified qSP according to

qSP = q∞
SP + �qSP = 2π

λ

√
εaεs

εa + εs
+ �qSP

= q ′∞
SP + �q ′

SP + i
(
Γ ∞ + Γ rad

)
. (18.5)

Here the perturbation �qSP = �q ′
SP + iΓ rad depends on the metal layer thickness

and can thus be controlled. For sufficiently large thickness, �qSP goes to zero. The

1We use the notation k and q for the wave vector of light and SPP, respectively.
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detailed derivation of qSP (or rather �qSP , as we know q∞
SP ) for a double interface

as in Fig. 18.3b is rather complicated and requires a strategy similar to the single
interface case but is not done here [20].

To study the reflection of light when an SPP is excited we need an expression for
rp, the reflection coefficient for p-polarized light. The reflection of the s-component
is of minor interest as its electric field has no x-component and can not couple to an
SPP. For the p-component we have in the three-phase model

rp = r01p + r12pei2β

1 + r01pr12pei2β
= r01p

1 + r−1
01pr12pe

i2β

1 + r01pr12pei2β
(18.6)

where β is the film phase thickness [18]. In the special situation with film properties
and instrument settings selected so that an SPP resonance is excited, a series of
approximations can be performed on (18.6) to derive a simplified expression for rp
near the resonance. Following the derivation by Raether [20] gives

rp = r01p
kx0 − (q ′∞

SP + �q ′
SP) − i(Γ ∞ − Γ rad)

kx0 − (q ′∞
SP + �q ′

SP) − i(Γ ∞ + Γ rad)
. (18.7)

Equation (18.7) provides the p-reflectance Rp = |rp|2 utilized in SPR-methods. The
resonance condition is kx0 = (q ′∞

SP + �q ′
SP) and from (18.7) we learn that rp = 0

and Rp = 0 at resonance if Γ ∞ = Γ rad . For a metal film with finite thickness it
holds that Γ rad �= 0 and we require Γ ∞ − Γ rad = 0, i.e. we must fulfill Γ ∞ �= 0.
A non-zero Γ ∞ implies that there must be a non-zero imaginary part on εm as can
be seen in (18.2).

18.2.2 Surface Plasmon-Polariton Resonances in
Ellipsometric Mode

In ellipsometry the angle of incidence and/or wavelength dispersion in � and Ψ

are of interest when SPP’s are monitored. Close to an SPP resonance the complex
reflectance ratio ρ = tanΨ exp(i�) is obtained by dividing (18.7) with rs , the s-
reflection coefficient, according to

ρ = rp
rs

= r01p
rs

kx0 − (q ′∞
SP + �q ′

SP) − i(Γ ∞ − Γ rad)

kx0 − (q ′∞
SP + �q ′

SP) − i(Γ ∞ + Γ rad)
. (18.8)

From (18.8) it follows
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tanΨ = |r01p|
|rs |

√
1 − 4Γ ∞Γ rad

Q2 + [Γ ∞ + Γ rad ]2 , (18.9a)

� = arg
r01p
rs

+ arctan
2QΓ rad

Q2 + (Γ ∞ + Γ rad)(Γ ∞ − Γ rad)
(18.9b)

where Q = kx0 − (q ′∞
SP +�q ′

SP). Recall that r01p is the Fresnel reflection coefficient
for the glass/metal interface. Both r01p and rs are slowly varying functions of kx0
around the SPP resonance. The dispersion in tanΨ is therefore dominated by the
expression under the square root in (18.9a). The dispersion in � is dominated by the
second term in (18.9b). If the metal layer thickness is matched for zero reflectance,
i.e. Γ ∞ = Γ rad , (18.9b) reduces to

� = arg
r01p
rs

+ arctan
2Γ rad

kx0 − (q ′∞
SP + �q ′

SP)
. (18.10)

Equation (18.10) shows that, at an SPP resonance, i.e. when kx0 = q ′∞
SP +�q ′

SP ,� is
a step function with step π if kx0 = 2πλ−1n0 sin θ is varied by scanning either λ or
θ over the resonance. In a real measurement non-idealities like surface and interface
roughness, not exactly matched metal layer thickness, etc., will come into play. If a
small mismatch �Γ = Γ ∞ − Γ rad is introduced, (18.9b) instead reduces to

� = arg
r01p
rs

+ arctan
1

kx0−(q ′∞
SP+�q ′

SP )

2Γ ∞ + �Γ
kx0−(q ′∞

SP+�q ′
SP )

. (18.11)

When either λ or θ is scanned over the SPP resonance, the variation of� is dominated
by the behavior of argument of the arctan function in the second term in (18.11).
If �Γ is made very small by carefully controlling the metal film thickness, a sharp
resonance will occur in a wavelength interrogation when λ = λres , where superscript
res indicates the SPP resonance values.2

Let us finally discuss effects of adlayers. A sample with a gold layer thickness
tuned to match the SPP condition becomes a useful tool in sensor applications as
will be demonstrated in Sect. 18.4. This is also illustrated in Fig. 18.2 which shows
the change in � and Ψ induced by adsorption of a HSA monolayer from a buffer
solution. Due to this layer, only a few nm thick, a shift in the wavelength position of
the resonance is obtained but the shapes of the curves are preserved to a large extent.

2The angle of incidence is then assumed to be at θres . In an angle of incidence interrogation the
resonance occurs in an angle scan when θ = θres if the wavelength is set at λres .
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Fig. 18.4 A schematic overview of a TIRE system. Reprinted from [25]

18.3 Ellipsometric Setups for TIRE

An experimental setup for TIRE is composed of an ellipsometer, a prism and a
specially designed flow cell as schematically illustrated in Fig. 18.4. The flow cell
is attached to the prism through which the light is incident. In a few applications,
adsorption studies are performed directly on the glass surface utilizing the evanescent
field at the interface [2]. However, in most applications a thin semitransparent metal
film is included. It can be deposited directly on the prism [21] but repeated use
requires regeneration of the metal surface which is not trivial. Therefore it is most
common that a glass slide with a metal film is mounted with an index matching oil
on the prism. In this way only the slide with metal film has to be replaced for each
new experiment. The refractive index of the glass in the slide and the prism should
be the same to minimize interface reflections.

As indicated the light source can be broad-band whereby a monochromator is
required to select one wavelength or to scan the wavelength if a wavelength inter-
rogation mode is used. Alternatively a fixed wavelength operation using a laser in
an angle interrogation mode can be employed. Various prism geometries including
semicylindrical, trapezoidal and triangular shapes are found. A rotating analyzer
configuration is shown in Fig. 18.4 but also designs based on null ellipsometers [22],
phase modulation ellipsometers [21, 23] and Stokes polarimetry [24] are found in
the literature. The flow cell may be designed for gas or liquid flow depending on
application. In addition one needs a flow control system, data acquisition and system
control software. Further details of various TIRE configurations are discussed in
[25] and in the references describing the specific applications presented in the next
section.
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The metal layer on the glass slide is in a majority of cases of gold due to its
inertness and suitable optical properties for excitation of SPP’s. The quality in terms
of optical properties and the surface of the gold film is important and as TIRE is a
resonance technique it is very important to optimize the system parameters like angle
of incidence, wavelength and gold layer thickness [26]. Balevicius and coworkers
have explored effects of gold surface roughness [27] and of gold nanoparticles [28].
Also, other metals like silver and copper can be used. Poksinksi et al. [29] studied
copper corrosion in a TIRE configuration as an example on use of other metals than
gold. Evenmetals with a larger absorption (larger ε′′

m) like chromiummay be possible
to use as discussed by Arwin et al. [30].

18.4 Applications

TIRE is applied for monitoring adsorption of proteins and other biomolecules with
objectives to learnmore about thin film surface dynamics and structure. Inmany cases
biosensing concepts are suggested and often in high throughput mode employing
imaging TIRE. These aspects will be discussed below. Also gas adsorption appli-
cations are included. In the literature one can find some early reports describing
experiments involving phase detection of SPP’s with similarities to determination of
� in ellipsometry [9, 16, 17]. However, we will here limit the review to applications
using traditional ellipsometric configurations.

18.4.1 TIRE for Bioadsorption Processes and Biosensing

Already when TIRE first was presented, the extremely high sensitivity for protein
layer thicknesses was demonstrated [11]. In Fig. 18.5 it is seen that with TIRE it is
possible to resolve in situ effective thickness variations smaller than 1 pm for a layer
of the protein HSA in a buffer solution [25]. Similar sensitivities have been found
also for ferritin [13] and fibrinogen [31].

These early but general demonstrations of very high sensitivity for bioadsorption
have been followed by several studies addressing specific problems in biomedicine.
One example is detection of β-amyloid peptide (1–16) and amyloid precursor pro-
tein (APP770) with relevance for diagnostics of Alzheimer’s disease [32]. The same
investigators also studied receptor-protein specificity with TIRE. Chaperone recep-
tors were bound to a gold surface and specific binding of different chaperones were
monitored and quantified [33]. Balevicius and coworkers [34] studied immunosensor
performance and compared antigen binding to fragmented and intact antibodies and
concluded that fragmented antibodies could bind 2.5 times more antigen. Recently
they extended these studies to include modeling of the time responses in Ψ and
� to analyze the dynamics of adsorption/interaction of antibody/antigen binding
[35]. Model experiments for studies of antigen-antibody binding using bovine serum
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Fig. 18.5 � versus time in
TIRE mode during
adsorption of human serum
albumin on a 45.8nm gold
layer in PBS buffer (pH 7.4).
The measurements were
done at an angle of incidence
of 70◦ and λ = 650 nm.
Reprinted from [25]

albumin (BSA) and anti-BSA were performed by Moirangthem et al. [36]. Both
spectral shifts and adsorption dynamics were monitored and TIRE was compared
with other SPR-related techniques. A more technical application is adsorption of
proteins from milk suggested for in line monitoring of fouling in milk processing
industry [37]. This is an example when the possibility of measurements in an opaque
solution are taken advantage of.

Bioadsorption studies involving other biomolecules than proteins have also been
performed. Nabok et al. [38] electrostatically adsorbed single strands (ss) of DNA
from herring and salmon on a polyethylenimine coated gold film. With TIRE they
then studied specific binding of ss-DNA from the same sources and found a thickness
increase of around 20nm for herring ss-DNA on herring ss-DNA and similar for
salmon ss-DNA on salmon ss-DNA, whereas adsorption from alternate species, e.g.
salmon ss-DNA on herring ss-DNA, only resulted in a layer a few nm thick. Also Le
et al. [39] studied DNA hybridization as well as immunoassays with a functionalized
polymer layer of zeonor. Growth of polymer brushes on gold was monitored with
TIRE by Erber et al. [40]. The possibility to measure the non-linear polymerization
kinetics permits control of polymer synthesis to optimize layer structure.

Low molecular weight toxins, such as herbicides simazine, atrazine, T2 myco-
toxin and nonylphenol can be detected and quantified using immunoassays and
TIRE [41, 42]. Concentrations of zearalanone and aflatoxin below 0.1ng/ml can
be detected [43–45]. A calibration curve for some toxins are shown in Fig. 18.6. An
alternative to immunoassays to increase specificity is to use phthalocyanines layers in
TIRE for detection of toxins [46]. In this way detection of simazine with concentra-
tion down to 1ng/ml has been demonstrated. Several studies with TIRE for detection
of the carcinogenic pesticide pentachlorophenol have also been performed [47–49].

18.4.2 Biolayer Imaging with TIRE

If a detector with spatial resolution is used in a TIRE or IRE setup, it is possi-
ble to measure high contrast images of biolayers. Various acronyms are used for
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Fig. 18.6 Change in
thickness for adsorbed layers
of T-2 mycotoxin (T-2),
zearalanone (ZON) and
aflatoxin (AFB1) based on
direct immunosensing.
Reprinted from [45]

this approach including TIRIE, Total Internal Reflection Imaging Ellipsometry [2],
SPREE, Surface Plasmon Resonance Enhanced Ellipsometry [50] and SPRIE, Sur-
face Plasmon Resonance Imaging Ellipsometry [22]. Jin and coworkers [51] have
presented a review of TIRIE possibilities for biomedical applications including anti-
body screening, hepatitis B markers detection, cancer markers and virus recognition.

Jin and coworkers [2] have also developed imaging off-null ellipsometry [52] in
TIRIE-mode for label-free optical biosensing using a micro-array for high through-
put applications. By implementing TIRE in the system, they found an increase in
sensitivity of one order of magnitude compared to ordinary imaging ellipsometry.
Figure18.7a shows an example of an ellipsometric image [53].Applications of TIRIE
in the area of cancer diagnostics were addressed by Zhang et al. [54]. Detection of
serum tumor-associated antigen CA19-9 with TIRIE were compared with electro-
chemiluminence immunoassays (ECLIA) and a very good correlation was found as
seen in Fig. 18.8. Compared to ECLIA, TIRIE has the additional advantage of allow-
ing label-free and real-time measurements. Celen et al. [50] have addressed DNA
detection and used TIRIE for detection of single-strand oligonucleotides with micro-
array platforms. TIRIE has also been used tomonitor dynamics of living cells byKim
et al. [22]. They studied cell division, cell migration and cell-cell communication on
an extracellular matrix on a gold surface on a prism in a TIRIE configuration.

The work by Otsuki et al. [15] demonstrates that increased sensitivity in internal
reflection ellipsometry can be achievedwithout SPR enhancement. They used a high-
index dielectric layer of TiO2 on a silica prism to perform imaging of protein layers
with a resolution of ±0.2nm as shown in Fig. 18.7b.
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(a)

(b)

Fig. 18.7 a TIRIE image recorded on a biochip [53]. 9 out of 24 channels are included in this
experiment. The 50nm gold layers in each channel are chemically activated and bovine serum
albumin (BSA) with concentration 10mg/ml is delivered to channels b1 to b4 and c1 to c4 for
10min and buffer to c5 as control. After rinsing with buffer, anti-BSA with concentration 5, 10, 20,
40µg/ml are added to the unit c1 to c4, respectively.b Internal reflection ellipsometry image showing
thickness variation of arrays of dried proteins which from top to bottom are lactoglobulin, albumin,
ovalbumin and papain. Below the image, two line profiles along cross sections as indicated by lines
in the image are shown. Reprinted from [15] with permission from Optical Society of America

Fig. 18.8 Correlation
between response (U/ml) to
the serum tumor-associated
antigen CA19-9 for an
anti-CA19-9 modified
surface in TIRIE and
response (U/ml) as measured
with ECLIA. Serum from 15
patients with three different
types of cancer were tested.
Reprinted from [54] with
permission from Elsevier
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Fig. 18.9 Change in � in a
TIRE experiment with
different gases at an angle of
incidence of 44.3◦.
Reprinted from [55] with
permission from Elsevier

18.4.3 TIRE for Gas Adsorption Studies

The sensitivity in TIRE is sufficient to detect changes in gas composition in a nitrogen
flow as demonstrated byNooke et al. [55]. They used angle of incidence interrogation
with a null ellipsometer as well as with a rotating analyzer ellipsometer to monitor
the change in refractive index in the evanescent field of an SPP. Ten different gases in
nitrogen were studied and changes smaller than 0.00003 in index could be resolved
for oxygen in nitrogen. The detection limit depends on the gas and could be as low
as 0.1% for ammonia in nitrogen. In dynamic mode, as illustrated in Fig. 18.9, time
constants of less than 1s were possible to achieve. An interesting observation was
that the change in � was much slower in polar gases compared to non-polar which
was attributed to formation of a surface layer when exposed to polar gases whereas
non-polar gases only affect the bulk refractive index.

Gas selectivity can be improved by depositing an appropriate thin film on the gold
layer in a TIRE setup. For 5nm films of copper phthalocyanine, Basova et al. [1]
found a reversible response in � and Ψ to benzene and chloroform vapors whereas
ethanol and butanol vapors did not affect the film. The changes in the TIRE data
were attributed to film swelling in conjunction with a small change in refractive
index due to interaction between gas and film. The nitrogen oxide sensitivity of
copper phthalocyanine has earlier been studied with ellipsometry and in addition to
thickness changes also changes in index due to shift in the Q-band were found upon
gas exposure [56].
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18.5 Concluding Remarks and Outlook

Main advantages of using TIRE as readout principle in sensor systems are that it
is label-free, non-destructive, can be used in real time, in opaque media and has
high sensitivity as it makes use of the phase information in the reflected light from
a sample. Compared to other techniques it is technically more complex but in a
sensor-type application, the system components can be reduced to a minimum. One
drawback is that the selectivity is pour and one has to rely on chemical or biological
discrimination by using sensing layers/surfaces with the required specificity.

Future technical developments include more advanced techniques like imaging
TIRE spectroscopy. Metamaterials can be expected to play a role as tunable SPP
layers. Gold nanoparticles can also be used to tune resonance conditions e.g. wave-
length, to fit a suitable light source [57]. New types of applications can also be
foreseen if TIRE in the near-infrared is developed. Patskovsky et al. [58] have shown
that this indeed is possible using a silicon prism. With silicon as base material, the
well developed silicon-based technology may be utilized. They also suggested the
use of two SPP-modes simultaneously [59]. For biosensing an optimization of system
and sample parameters can also be performed to make TIRE more competitive [26].
A real challenge is to optimize resolution to allow mass density depth profiling in
thin organic layers similar to what can be done with neutron reflection.
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Chapter 19
In-Line Quality Control of Organic Thin
Film Fabrication on Rigid and Flexible
Substrates

Argiris Laskarakis and Stergios Logothetidis

Abstract Amajor factor for the achievement of the required performance, efficiency
and lifetime of organic electronic (OE) devices (Organic Photovoltaics—OPVs,
Organic Light EmittingDiodes—OLEDs, etc.) is the quality control of the substrates,
active layers, barrier materials and transparent electrode nanolayers that are used for
the fabrication of these devices. The in-line optical characterization and modeling of
the optical and electrical properties of the above nanolayers can give valuable infor-
mation of the growth mechanisms and the structure-property relationships that can
play a major role towards the optimization of the nanolayers performance. Also, the
capability for in-linemonitoring, at every single step, of the optical properties and the
quality of the fabricated nanolayers, e.g. by roll-to-roll (r2r) process, will improve
the process yield opening the way for the low cost fabrication of OE devices. In this
chapter, we will discuss in detail the latest advances on the combination of optical
sensing by Spectroscopic Ellipsometry with the processes (vacuum deposition, r2r
printing) for fabrication of OE nanolayers and devices. These advances include the
results of the determination of the optical constants, composition, refractive index,
thickness with nm precision, stability and the uniformity of the OE nanolayers onto
rigid (e.g. c-Si, glass) and flexible (as Polyethylene Terephthalate—PET) substrates.

19.1 Introduction

During the last years, there are significant advances in materials and processes for
Organic Electronic (OE) devices [1–8]. The materials for organic electronics include
organic semiconductors (small molecules, polymers) with sufficient electrical con-
ductivity, transparent organic electrodes that can be deposited by printing processes,

A. Laskarakis (B) · S. Logothetidis
Lab for Thin Films-Nanosystems & Nanometrology (LTFN),
Department of Physics, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece
e-mail: alask@physics.auth.gr

© Springer International Publishing AG, part of Springer Nature 2018
K. Hinrichs and K.-J. Eichhorn (eds.), Ellipsometry of Functional
Organic Surfaces and Films, Springer Series in Surface Sciences 52,
https://doi.org/10.1007/978-3-319-75895-4_19

437

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75895-4_19&domain=pdf


438 A. Laskarakis and S. Logothetidis

hybrid barriers for protection of the sensitive device materials from atmospheric gas
permeation, and finally, flexible polymeric substrates, as PolyEthylene Terephtha-
late (PET), and PolyEthylene Naphthalate (PEN) to replace Si and glass substrates
[9, 10]. The knowledge of their optical properties is of considerable importance
and it can contribute to the understanding of the optical transparency, bonding and
electronic structure and microstructure, as well as the morphology and growth mech-
anisms [6].

The capabilities of Spectroscopic Ellipsometry (SE) for in-situ and real-timemon-
itoring has been proved by the several published works that report on its combination
with vacuum deposition processes for the in-situ and real-time investigation of the
optical properties, thickness and growth mechanisms of vacuum deposited thin films
[11–18]. Although the implementation of SE for the in-line optical monitoring of
r2r fabricated nanolayers has not been reported in detail yet, there are some works
that provide promising results towards this direction [19–21]. The implementation
of SE for the in-line monitoring of the optical properties of r2r printed nanolayers
for organic electronics will lead to the optimization of the materials quality and
increase of the production yield [22–24]. In this chapter, we will summarize on the
latest advances of the implementation of in-line SE for the optical characterization
of state-of-the-art nanomaterials (inorganic and organic barrier layers, transparent
electrodes and bulk heterojunction active materials) by r2r gravure printing onto
flexible polymer substrates. Gravure is a typical rotary printing method where ink
is transferred from a physical printing form in a high-speed and high-throughput
process and it is considered as one of the most reliable techniques for the low-cost
formation of patterned nanolayers suitable for a successful high-volume manufac-
turing of flexible organic electronic devices, such as OPVs [25–28]. These will prove
the potentiality of SE for implementation to: (a) lab scale processes as an important
research tool that will contribute to the understanding and the optimization of the
materials properties, and (b) industrial scale processes as a powerful quality control
tool for the r2r fabrication of flexible organic electronic devices.

19.2 Adaptation of Spectroscopic Ellipsometry to r2r
Fabrication Processes

The basic principles of SE have been described in detail in Chap.1. Themain require-
ment that has to be overcome for the successful adaptation of the SE technique on
instrumentation for thin film (e.g. vacuum chambers or r2r printing systems) is the
fulfillment of the necessary optical geometry between the optical elements before
and after the light reflection on the sample surface and the sample itself. In the case
of the adaptation of a SE unit onto a high vacuum deposition chamber, the opti-
cal elements (e.g. modulator and analyzer heads) are firmly attached by the use of
suitable optical ports, including optical windows, such as BaF2 [29]. This ensures

http://doi.org/10.1007/978-3-642-40128-2_1


19 In-Line Quality Control of Organic Thin Film Fabrication … 439

Fig. 19.1 Measured 〈ε(ω)〉 in the IR spectral region, before, during and after surface modification
of PC using negative voltages of V = 800V, and the characteristic bonding vibration bands of
PC [35]

the minimization of possible vibrations of the optical elements allowing the accu-
rate measurement of the optical properties from the sample surface. This has been
reported in several works, where SE units working in a multiwavelength configu-
ration, have been used for the in-situ and real-time investigation of the optical and
electronic properties of growing thin films [12, 13, 17, 30–34]. In addition, these
have been used for the investigation of the surface treatment of polymers, such as
Polycarbonate (PC) [35]. For example, Fig. 19.1 shows the pseudo-dielectric function
〈ε(ω)〉 = 〈ε1(ω)〉 + i〈ε2(ω)〉measured before, during and after surfacemodification
of PC together with the characteristic bonding vibration of PCwith a negative voltage
of V = 800 V [35].

However, in the case of the adaptation of an SE unit onto a r2r fabrication system,
there are several factors that influence the accuracy of the SE measurements, and the
deduced results. These include the vibration of the system due to the various moving
parts (e.g. rolls) and themoving sample under the point ofmeasurement, which has to
be planar (to allow the focusing of the light beam) and stable to allow the continuous
measurement over the entire spectral region. For example, the flexible polymer rolls
that are used as substrates usually they have a non-planar surface that wrinkles if it
is not stretched appropriately with the result of defocusing the reflected light beam
away from the detection head [24].
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Fig. 19.2 Schematic representation of the r2r printing unit onto which the in-line SE unit has been
adapted. The plane of incidence of light at the measurement position is perpendicular to the plane
of incidence of the polymer substrate roll. Modified after [24]

Figure19.2 shows a schematic representation of a r2r system on which an
in-line SE unit has been adapted. The measurement position is located on a ver-
tical path of the roll direction, between two directional rolls. Between these rolls the
polymer substrate stays absolutely flat and stable, without any wrinkles and tilting
vibrations. The SE unit is equipped with an array detector that consists of 32 fiber
optics for the simultaneous measurement of 〈ε(ω)〉 at 32 specific photon energies at
the spectral region 3.0–6.5 eV. The integration time (IT), which is the time for the
completion of one multi-wavelength (MWE) spectrum, can be adjusted at 100 ms.
The corresponding sampling time (ST), which is the total time for the recording of
one spectrum after the integration of several measurements in order to calculate the
final 〈ε(ω)〉 spectra, should be higher than 100 ms. The stability of the foil, due
to vibrations of the r2r system’s mechanical parts has been taken care in order to
minimize the artifacts and at the same time assure the quality of the measurements.

To assure that the roll surface remains flat, stable and without wrinkles during the
rolling, a measurement of the optical and electronic properties of the plain PET roll
over its entire length has been performed. In this way, the stability of the measured
〈ε(ω)〉 as well as the values of the band gap energy and the characteristic electronic
transitions of the substrate material will provide information on whether the con-
ditions for accurate optical measurements are fulfilled. The SE measurements were
performed with IT = 150 ms and ST = 300 ms, which accounts for the acquisition
time for every step measuring, which embodied the 32-MWE. In this experiment,
200 spectra were recorded on the center of the PET roll during a length of 16 m.

Figure19.3 shows the measured 〈ε(ω)〉 of the PET roll at different positions along
the direction of the rolling (Machine Direction-MD) [24]. Although more than 200
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Fig. 19.3 The time evolution of real and imaginary part of the measured pseudo-dielectric function
〈ε(ω)〉 = 〈ε1(ω)〉 + i〈ε2(ω)〉 from the PET substrate during its rolling from the unwinding to the
winding roll. Modified after [24]

spectra have been recorded, we observe only a small deviation in 〈ε(ω)〉, mostly at
the energy region above 6eV. The characteristic absorptions of PET are found at
photon energies of 4.1, 4.2, 4.9, 5.2 and 6.3eV in agreement to the literature [9]. The
optical absorptions at 4.1 and 4.2eV are attributed to the electronic transition of the
non-bonded electron of the carbonyl O atom from the n state to the π∗ unoccupied
valence state orbital (n → π∗) transition [9]. The characteristic absorptions at 4.9 and
5.2eV are attributed to the spin-allowed, orbitally forbidden 1A1g → 1B1u transition,

whereas the absorption at 6.3 eV is attributed to the 1A1g → 1B1u electronic transition
of the para-distributed benzene rings [9, 10, 36].

For the analysis of themeasured 〈ε(ω)〉, a theoreticalmodel has been implemented
that consists of the layer sequence air/PET/air. The optical properties of PET are
described by the Tauc-Lorentz (TL) model (5 oscillators) in order to model the band
gap energy and the characteristic electronic transitions of PET. The TL model is
based on the combination of the classical Lorentz dispersion relation and the Tauc
density of states in the proximity of the fundamental optical gap ωg . This results
to an asymmetrical Lorentzian line-shape for 〈ε2(ω)〉. The TL dispersion model is
described by the following relations in which the real part ε1(ω) is determined by
the imaginary part ε2(ω) by the Kramers-Kronig integration [14, 37]:
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Fig. 19.4 Comparison
between the measured and
the calculated 〈ε(ω)〉 spectra
of PET. Modified after [24]
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where ε∞ the non-dispersive term,ωg the fundamental band gap energy, A the ampli-
tude, ω0 the Lorenz resonant energy, namely Penn gap, and C the broadening term,
which is a measure of the materials disorder. The comparison between the mea-
sured and the calculated 〈ε(ω)〉 by the above theoretical model is shown in Fig. 19.4.
The agreement between the measured and fitted 〈ε(ω)〉 indicates the validity of the
followed approach.

The industrially supplied PET rolls are treated with mechanical biaxial stretching,
which induces a preferential orientation of the PET macromolecular chains towards
the stretching direction (orMD, as denoted before) [9, 10].As a result, thesematerials
have anisotropic optical response, which require the realization of SE measurements
in multiple angles of incidence and at different angles between the MD and the plane
of incidence, in order to calculate the final bulk dielectric function [38]. However,
since the focus is the determination of the stability of the PET optical and electronic
response during its movement along the MD, which is a high symmetry orientation,
we can approximate its optical response with an isotropic optical model.

Figure19.5 shows the evolution of the calculated values of the PET band-gap
as well as the electronic transition energies of PET that were calculated from the
analysis of 〈ε(ω)〉. The characteristic electronic transition energies remain stable
over the whole length of the PET roll (16 m), leading to the conclusion that the
optical and structural properties of the PET roll are homogeneous over the entire
length and that the optical measurements are stable.
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Fig. 19.5 Evolution of the energy of band gap and the electronic transitions of PET substrate,
calculated from the analysis of 〈ε(ω)〉 measured during the rolling of the PET substrate [24].
Reprinted from S. Logothetidis, D. Georgiou, A. Laskarakis, C. Koidis, N. Kalfagiannis, In-line
spectroscopic ellipsometry for the monitoring of the optical properties and quality of roll-to-roll
printed nanolayers for organic photovoltaics, Sol. Energy Mater. Solar Cells 112, 144. Copyright
2013 with permission from Elsevier

19.3 Optical Properties of OE Nanomaterials by In-Line SE

19.3.1 Inorganic Barrier Layers

Flexible organic electronic devices are fabricated on flexible polymer substrate rolls
(e.g. PET, PEN), which have thickness in the range of 50–150 µm. These substrates
can be incorporated to large-scale manufacturing processes, because they exhibit a
combination of very important properties such as easy processing, flexibility, low
cost, good mechanical properties that makes them ideal to be incorporated in large
scale manufacturing processes [6, 9, 38–43]. However, one of the main drawbacks
of these substrates is their relatively high permeability values for atmospheric O2

and H2O. These values are in the range of 10−1–102 cm3/m2 dbar (Oxygen Trans-
mission Rate—OTR) and g/m2 d (Water Vapor Transmission Rate—WVTR), which
are sufficient only for food packaging applications [44, 45]. On the contrary, the
requirements in OTR and WVTR for flexible OPVs and OLEDs are below than
10−5 cm3/m2 dbar (for OTR) and g/m2 d (WVTR) [5, 46–48].
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Initially, SiOx thin films have been used as encapsulation layers [49]. Their advan-
tages include high optical transparency, recyclability and the possibility to deposited
by several techniques such as metal–organic and plasma enhanced chemical vapor
deposition and electron beamevaporation,which provides high deposition rate, thick-
ness control and high production yield [50–52]. The barrier properties and the quality
of SiOx depend on many factors, such as the process parameters, the deposition rate
and the initial stages of the deposition as well as the stiffness and smoothness of
the substrate [44, 53]. In this case, the molecule permeation is controlled by the
defects of the flexible polymeric substrate and of the barrier nanolayers that induced
by the intrinsic surface roughness, the surface and structure in-homogeneities and
by cracks of the inorganic nano-layers created by the bending and/or tension of the
flexible polymeric substrates [5, 46–48]. Therefore, it is crucial to understand the
nucleation and growth of the oxide on polymer substrates, and in particular, the effect
of the polymer surface characteristics on the processes.

In-situ and real-time SE has been extensively implemented for the monitoring of
the growth mechanisms of vacuum deposited SiOx onto PET and PEN substrates,
revealing significant information on the growth mechanisms. Figure19.6a, b show
the evolution of thickness and deposition rate of SiOx thin film deposited onto PET
and PEN substrates. At the early stages of growth of SiOx /PET, the deposition rate
is increased up to 7.5 nm/s for t = 6 s, whereas at higher deposition times it follows
an oscillating behavior. The oscillation of the deposition rate (Fig. 19.6b) is char-
acteristic of the island-type growth and defines the distinct growth stages. At the
initial stages of the SiOx deposition onto PET, separate clusters are formed with a
size that increases until the first 6 s with incomplete film coverage. After t = 6 s,
the reduction of deposition rate indicates the coalescence stage where the clusters
merge. At t > 12.5 s, the deposition rate increase indicates the formation of SiOx

clusters that merge again.
On the contrary, the deposition of SiOx onto PEN follows a layer-by-layer growth

mechanism. The cluster size increases in the first 2.5 s and then merge until t =
10 s. For t > 10 s the SiOx film thickness increases linearly with time and the
deposition rate is almost stable, resulting in a homogeneous layer deposition. The
growth mechanism of SiOx is also affected by the substrate surface roughness, since
PET and PEN have different roughness values (1.18 and 1.75 nm, respectively [54]).

In-line SE can be also monitor the thickness and optical properties of SiOx thin
films deposited onto flexible substrates with the form of rolls. Commercially avail-
able SiOx /PET can be purchased from specific suppliers in the form of roll with
customized width, film thickness and structure, as well as roll length. Before its use
as a base for organic electronic device fabrication, it is important to ensure that the
SiOx film thickness is homogeneous over the whole length of the PET roll (in this
case the length is 9.5m). The in-line SE unit was utilized in order tomonitor the thick-
ness uniformity and optical and electronic properties of the SiOx films (deposited
by electron beam evaporation onto the PET substrate) during the roll unwinding
(speed = 4 m/min). The in-line SE measurements were performed on the middle of
the SiOx /PET roll. For the analysis of 〈ε(ω)〉 we have used a theoretical model that
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(a)

(b)

Fig. 19.6 Time evolution of: a thickness and b deposition rate of the SiOx thin film deposited onto
PET and PEN substrates, during the first 60 s of their deposition. The inset in Fig. 19.6a shows the
thickness evolution in the first 10 s [54]. Reprinted from D. Georgiou, A. Laskarakis, C. Koidis, N.
Goktsis, S. Logothetidis, Phys. Status Solidi C 5, 3387. Copyright 2008 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim
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Fig. 19.7 Thickness of SiOx film deposited onto PET as calculated by in-line SE

includes the layer sequence air/SiOx /PET, whereas the optical properties of SiOx

were described by 1 TL oscillator.
The analysis of 〈ε(ω)〉 spectra revealed that the SiOx thicknesswas 73 ± 1nmover

the whole SiOx /PET roll (Fig. 19.7). This indicates the good SiOx film uniformity
along the roll. In addition, the optical parameters of the SiOx material during the PET
rolling were quite stable, as it is shown in Fig. 19.8. The calculated band gap ωg has
been determined at 5.18eV, whereas the maximum optical absorption ω0 has been
calculated at 9.61eV. The stability of the determined thickness and optical properties
of SiOx demonstrates the stability of the evaporation process and the homogeneity of
the vacuum deposited SiOx nanolayers. Finally, Fig. 19.9 shows the calculated bulk
dielectric function ε(ω) of SiOx by the analysis of 〈ε(ω)〉.

19.3.2 PEDOT:PSS Transparent Electrodes

Poly(3,4-ethylenedioxy-thiophene):poly(styrene-sulfonate) (PEDOT:PSS is one of
the most promising candidates for use as transparent anode electrodes that combine
metallic-like behavior with sufficient solubility for printing onto large areas [55].
PEDOT:PSS consists of a conducting part, PEDOT a lowmolecular weight polymer,
which is insoluble and thus difficult to process and an insulating polymer PSS that is
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Fig. 19.8 Determined values of fundamental energy band gapωg and maximum optical absorption
ω0 of SiOx film deposited onto PET roll [24]. Reprinted from S. Logothetidis, D. Georgiou, A.
Laskarakis, C. Koidis, N. Kalfagiannis, In-line spectroscopic ellipsometry for the monitoring of
the optical properties and quality of roll-to-roll printed nanolayers for organic photovoltaics, Sol.
Energy Mater. Solar Cells 112, 144. Copyright 2013 with permission from Elsevier

Fig. 19.9 Bulk dielectric
function ε(ω) of SiOx
calculated by the analysis of
〈ε(ω)〉. Modified after [24]



448 A. Laskarakis and S. Logothetidis

a high molecular weight polymer, which gives the desirable flexibility and solubility
in water, making the polymer blend easy to process. The oligomer PEDOT segments
are electrostatically attached on the PSS polymer chains [4–6, 56–63].

The conductivity of PEDOT:PSS depends strongly on their structure and mor-
phology. Pristine PEDOT:PSS yields a conductivity of below 10 Scm−1, much
too low to be used as an electrode in an efficient OPV. However, the addition of
solvents, that include ethylene glycol, sorbitol, glycerol, dimethyl-sulfoxide, sig-
nificantly improves the conductivity of PEDOT:PSS [61, 64–70], whereas, post-
deposition processing (e.g. annealing) has been also addressed [57, 71–73]. In this
way, conductivities above 800 Scm−1 have been reported [73, 74]. However, even
if the required conductivity target of the material is achieved, it is crucial to ensure
that the material structure, thickness and properties is homogeneous over the entire
printed area and that the r2r fabrication process is stable. Thickness fluctuations and
composition irregularities result to the degradation of the optical properties of the
transparent electrode layer and to the non-optimum operation of the device.

The dielectric function of PEDOT:PSS consists of contributions from the con-
ductive PEDOT and the non-conductive PSS part, at different photon energies. More
specifically, it has been reported that there are three optical absorptions at 0.47, 5.37
and 6.38eV [41, 55, 58, 61, 71, 75, 76]. The low energy absorption is attributed to
PEDOT, whereas the two absorptions at the high energies are attributed to the π–π∗
electronic transition of PSS. In addition, a more intense absorption has been found
at the infrared spectral region which can allow the determination of the metallic-like
behavior of PEDOT:PSS [41, 55, 58, 61, 71, 75, 76].

Gravure printing has been widely used to print PEDOT:PSS onto flexible polymer
substrates by r2r process. The most common printing patterns include stripes parallel
to the rolling direction in various sizes and distances. For the determination of the
capability to monitor in-line the thickness and optical and electronic properties of
the gravure printed PEDOT:PSS, we have printed a PEDOT:PSS pattern onto the
PET roll. This consists of a set of parallel stripes, each one having a width of 10mm
and a distance of 5mm between each other. The power applied for the film curing
was 100 Wmin/m2 and the rolling speed was 4m/min. For the analysis of the in-line
measured 〈ε(ω)〉 spectra, a theoretical model that includes air/PEDOT:PSS/PET/air
has been used. The optical properties of the PEDOT:PSS layer were described by the
use of 2 TL oscillators. These oscillators model the characteristic absorption peaks at
∼5.5 and ∼6.3eV that originate from PSS [41, 55, 58, 61, 71, 75, 76]. The reason
for themodeling of only these two electronic transitions is that the optical absorptions
of the more conductive PEDOT part are reported to appear at lower energy values
below 1.7eV, which is outside of the measured energy region.

It has to be noted that spin coated PEDOT:PSS films are reported to show uniax-
ial optical anisotropy, with the ordinary complex refractive index in the plane of the
film and the extraordinary complex refractive index normal to the film and parallel
to the optical axis [41, 77, 78]. This is the result of the films structure that consists
of PEDOT-rich flattened lamellas that are vertically segregated by PSS-rich layers.
However, the printed PEDOT:PSS films that are describe in this chapter are char-
acterized by non-directional structure and their optical response can be modeled by
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Fig. 19.10 Bulk dielectric function ε(ω) of the PSS part of the PEDOT:PSS as calculated by the
best-fit parameters from the analysis of 〈ε(ω)〉. Modified after [24]

a isotropic optical model [24]. Figure19.10 shows the bulk dielectric function of
the PSS part of the PEDOT:PSS as calculated by the best-fit parameters from the
analysis of the measured 〈ε(ω)〉. The ε(ω) is characteristic of the optical properties
of the PSS part and it is independent of the film thickness [24].

Figure19.11 shows the evolution of the calculated electronic transition energies,
thickness and the band gap energy of the insulating PSS part over the whole PET roll
with a length of 5.5 m. The film thickness is calculated at 42 ± 1 nm and this value is
stable over the whole length of the PET roll. This indicates a homogeneous printing
process, whereas the stability of ωg at 4.42 ± 0.01eV leads to the conclusion that
the optical and electronic properties of the material are stable in the entire printed
area.

To test the capability of in-line SE tomonitor sudden changes in the film thickness,
and to verify the uniformity of the gravure printed PEDOT:PSS stripes, we have
measured the 〈ε(ω)〉 in 100 subsequent points in the transverse direction, keeping
the roll stable. The film thickness has been modeled in real-time during the scanning
of the PET roll with the SE unit. The thickness profile of the PEDOT:PSS pattern
based on the calculated thickness values from the analysis of 〈ε(ω)〉 is shown in
Fig. 19.12. The film thickness is calculated at 30nm for all seven stripes, whereas it
can be seen that between the stripes (where there is no printed film) the film thickness
drops to zero. The results from the in-line analysis procedure verify the uniformity
of the PEDOT:PSS material laterally to the direction of roll.

For the investigation of the effect of the experimental parameters on the printed
film thickness, we have modified the drying temperature from 40 to 160 ◦C. The
drying temperature was increased from 40 ◦C at the starting of the rolling and it
increased gradually until it will reach 160 ◦C, at t = 600 s. Figure19.13 shows the
〈ε2(ω)〉 of PEDOT:PSS that has been subjected to drying at different temperatures
from 40 ◦C to 160 ◦C. During the temperature increase, the PEDOT:PSS thickness
decreases from 44 ± 1 nm at 40 ◦C to 35 ± 1 nm at 150 ◦C (Fig. 19.14) due to the
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Fig. 19.11 In-line calculated thickness, band gap energy and characteristic interband electronic
transitions of PSS as function of the rolling time (bottom x-axis) and roll length (top x-axis).
Modified after [24]

Fig. 19.12 Pattern of gravure printed PEDOT:PSS and grid for the measurements and analysis of
PEDOT:PSS in the lateral direction. Modified after [24]
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Fig. 19.13 Time evolution of imaginary part of pseudo-dielectric function 〈ε(ω)〉 = 〈ε1(ω)〉 +
i〈ε2(ω)〉 of PEDOT:PSS/PET layer structure. The thin gray lines represent the measurements at
drying temperatures between 40 and 160 ◦C. Modified after [24]

Fig. 19.14 Evolution of PEDOT:PSS thickness with the drying temperature from 40 to 160 ◦C.
Modified after [24]
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evaporation of the solvent as the printed area passes below the drying unit. Also, the
results verified the unit sensitivity to monitor fluctuation of ∼1 nm during printing
and drying.

19.3.3 Multilayer Structures onto PET Rolls

In order to verify the capability of in-line SE unit to measure and analyze multilayer
stacks we gravure printed a hybrid polymer film onto SiOx /PET and afterwards a
PEDOT:PSSfilmonto the hybrid polymer/SiOx /PET.The hybrid (inorganic-organic)
polymer is a barrier nano-composite, synthesizedvia the sol-gel process. Thephysical
properties of thesematerials have been discussed in detail elsewhere [44, 45, 79–81].
The optical properties of this multilayer structure have been measured and analyzed
by in-line SE during the film printing.

Figure19.15 shows the calculated thickness of SiOx film, hybrid polymer and
PEDOT:PSS over a roll with a length of 7.5 m. The SiOx film thickness is 70nm
with a high uniformity across the roll. The thickness of PEDOT:PSS and hybrid
polymer layers that were gravure printed show a relatively stable uniformity at 85
and 760 nm, respectively. This demonstrates the better thickness control of e-beam

Fig. 19.15 Thickness of individual layers of the multilayer structure (hybrid polymer)/PEDOT:
PSS/SiOx /PET as determined by in-line SE. Modified after [24]
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evaporation than gravure printing. The above demonstrate the capability of in-line
SE to determine the optical and electronic properties and thickness of multilayer
stacks with complex optical response.

19.3.4 P3HT:PCBM Nanolayers

The currently most successful photoactive material for OPVs consists of a bulk het-
erojunction (BHJ) that is formed by a p-type semiconductor (electron donor), such
as poly(3-hexylthiophene) (P3HT) with an n-type semiconductor (electron accep-
tor), such as methanofullerene derivatives (PCBM) [42, 62, 63]. In order to achieve
maximum charge generation, a large interfacial area between these two organic semi-
conductors is required, which can be achieved by optimum nanoscale phase sepa-
ration. The distribution of the constituents in the blend film plays an important role
for efficient charge extraction toward the electrodes. Ideally more p-type material
(polymer) should be located at the interface of the hole-collecting anode, and more
n-type (fullerene) material should be at the electron collecting cathode facilitating
collecting of charges from the photoactive layer. However, the morphology of a BHJ
consisting of a binary blend cannot be easily controlled. The formation of the blend
film structure is affected by several parameters, such as blend composition, viscos-

Fig. 19.16 Extinction coefficient (k) of P3HT:PCBM after post-deposition thermal annealing at
140 ◦C for various periods of time based on the best-fit parameters from the analysis of 〈ε(ω)〉.
Modified after [84]
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(a)

(b)

Fig. 19.17 a Representative 〈ε(ω)〉 spectrum of P3HT:PCBM/PET, b evolution of the blend thick-
ness and the electronic transitions S0 → S37 and S0 → S56 at 4.59 and 5.76eV, respectively of
the PCBM, with the rolling time of the blend/PET film with length of 18 m, as determined by the
in-line SE. Modified after [24]
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ity, solvent evaporation rate or substrate surface energy, providing difficulties to the
achievement of the desired blend morphology for maximum charge generation and
transport [1, 4, 42, 62, 63, 82].

The optical properties of P3HT:PCBM blends have been investigated by ex-situ
SE in a wide spectral region. These studies focused on the contribution of the optical
response of the blend components as well as on their vertical distribution in the blend
volume. For example, Karagiannidis et al., has reported on the investigation of the
optical constants of P3HT:PCBMblends and on the effect of the post deposition ther-
mal annealing on their optical and electronic properties [83, 84]. Figure19.16 shows
the calculated extinction coefficient (k) of the P3HT:PCBM blend films (as grown
and annealed at 140 ◦C for various annealing times from 3 to 30min). The optical and
electronic response of the blends in the Vis–fUV spectral region includes five optical
absorptions that are found at photon energies of 2.05, 2.24, 3.95, 4.65 and 5.89eV.
The first optical absorption at 2.05eV is attributed to the singlet excitonic transition
of the P3HT conjugated polymer whereas the transition at 2.24eV corresponds to the
formation of excitons with phonons. The other three electronic transitions at higher
energies are originated from the PCBM and they can be assigned to the electronic
transitions S0 → S17, S0 → S37 and S0 → S56, respectively [84–86]. The increase
of the annealing temperature leads to the excitonic enhancement of the P3HT, which
has been correlated to the increase of the P3HT crystallization [84].

Figure19.17a shows a representative 〈ε(ω)〉 spectrum that has been recorded
during the in-linemeasurements of the blend/PET rolling, whereas Fig. 19.17b shows
the evolution of the P3HT:PCBMblend film thicknessmeasured and analyzed during
the passing of the roll under the in-line SE unit, and after the gravure printing of the
blend onto the PET roll. The thickness of the P3HT:PCBM has been calculated at
77 ± 2 nm and it is stable over the whole length of the roll (above 18 m). This proves
the stability of gravure printing and the thickness homogeneity of P3HT:PCBM at
the different spots on the PET roll.

19.4 Summary and Outlook

In this chapter, we have focused on the implementation of in-line SE unit on r2r
printing process for the real-time measurement and analysis of the thickness and
optical properties of nanomaterials for the large scale fabrication of OE devices,
such as OPVs. The in-line control of the optical and electronic properties, thickness
and quality of the r2r gravure printed nanomaterials plays an important role on the
optimization of their functionality aswell as on the stability and property repeatability
of the printed layers and OE devices.

We have described the application of in-line SE for the monitoring of a number
of different material systems, from flexible substrates to multilayered film structures
composed of barrier layers, transparent electrodes and organic semiconductors with
thicknesses in the order of several nanometers. The measurement scans at the lateral
and transverse directions of the rolls in combination with the real time analysis of the
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〈ε(ω)〉 have provided the thickness profiles as well as the characteristic electronic
transition energies. The above emphasize the significance of non-destructive in-line
optical sensing tools for the quality control tools of r2r fabrication processes (in lab,
pilot and large scale) of single and/or multilayer structures on polymeric substrates.

The challenges include the use of more complex devices structures with several
layers, and the use of nano-materials with complex optical and electronic properties
and possible optical anisotropy. Also, the subsequent printing of complicated film
patterns (especially in the case of OLEDs, OTFTs and sensors) will provide diffi-
culties on the robust quality control by in-line SE. Continuous advancements in the
instrumentation that will enhance the speed and accuracy of the measured spectra,
along with the rapid development of computational algorithms, strongly suggest that
in-line SE will become an essential part of the r2r fabrication of flexible OE devices.
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Chapter 20
Application of In-Situ IR-Ellipsometry
in Silicon Electrochemistry to Study
Ultrathin Films

Jörg Rappich, Karsten Hinrichs, Guoguang Sun and Xin Zhang

Abstract This chapter provides an overview of in-situ application of infrared spec-
troscopic ellipsometry (IRSE) for the characterization of thin films on silicon (Si)
prepared and modified by use of electrochemical surface treatments. In-situ IRSE
investigations of Si surfaces during electrochemical grafting of ultra-thin layers via
diazonium compounds (cathodic process), and thin polymeric layers of polypyrrole
and polyaniline (both via anodic processes) are presented and discussed in detail. The
film growth was monitored by an increase in layer specific vibrational signatures of
molecules or monomers present on the surface or in the layer. Additionally, species
postformed after electrochemical processing (i.e. after drying) and over-oxidation
of the polymeric layer have been identified as well as the incorporation of dopants
in the polymeric layer by their specific vibrational modes. The obtained results are
discussed in frame of layer thickness, structure, and are compared to calculated
IRSE spectra in case of very thin layers formed via cathodic reduction of diazonium
compounds (nitrobenzene and maleimidobenzene) on Si.
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20.1 Introduction

In-situ investigations of Si surfaces during (electro)chemical modification and func-
tionalization are of high interest to understand and develop reaction schemes and
processing steps. Beside the characterization of the grafted material itself such stud-
ies provide information on intermediate surface species or side reactions [1] during
processing as well as species formed after the treatment in solution [2] or during
aging. The properties of organic/inorganic interfaces, as for example work func-
tion and band bending [3–5], conductivity or adsorption and binding characteristics
[6–8], depend sensitively on their composition and structure. Ellipsometry in the
visible spectral range has been used to investigate the adsorption of bacterial films at
metal-electrolyte interfaces [3], to inspect the corrosion behaviour ofmetals in differ-
ent media [4, 5, 9, 10] and to monitor changes in the Si surface oxide coverage [11,
12]. Additionally grafting of organic molecules and formation of ultrathin polymeric
layers are widely used processes to modify Si surfaces with respect to nanopattern-
ing [13, 14] and passivation [15, 16]. The electrochemical grafting/polymerization
process, which is induced by changing the applied potential or the passed charge
during deposition, is monitored in the infrared spectrum by the specific vibrational
absorption signature of molecules or monomers present on the surface or in the layer
[17–21]. The discussed sample geometry for in-situ IRSE measurements permits
sensitive measurements of the surface species by a single reflection of the IR beam
at incidence angles below total reflection regime. Mainly for two different electro-
chemical polymerization techniques (cathodic and anodic) results are discussed in
frame of layer thickness and structure properties as determined from in-situ IRSE
experiments compared to other techniques like X-ray photoelectron spectroscopy,
electrochemical quartz crystal microbalance measurements, FT-IR and Raman spec-
troscopy.

20.2 Geometry for In-Situ Electrochemical and
IR-Ellipsometric Measurements on Si Surfaces

Figure20.1 shows the combined setup of the electrochemical and in-situ
IR-ellipsometric experiment. The path of the IR beam is presented in Fig. 20.1a:
the IR light of a Bruker FTIR (Bruker ifs 55) spectrometer is passing an analyzer, is
reflected from the Si backside of the wedge, passes the polarizer, and is detected by
a mercury cadmium telluride (MCT) detector. The electrochemical cell is sketched
in more detail in Fig. 20.1b.

The electrode consists of an infrared transparent p-type silicon wedge with a pol-
ished section of 1.5◦ and the (111) surface was faced toward the solution (Fig. 20.1b,
top). A wedge was used to suppress interferences which would arise from multiple
reflections in a plane parallel substrate. The wedge had a size of 52 × 20mm and
was adjusted in the in-situ electrochemical cell (Fig. 20.1b, bottom). General details
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Fig. 20.1 a Schematic drawing of the polarization dependent in-situ IRSE set-up; b optical paths
of the beams reflected from the front and back sides and drawing of the in-situ cell with the Si
wedge as working electrode, Pt counter and Au reference electrodes, respectively. The in-situ cell
was placed in the ellipsometer with an incidence angle of 50◦ and afterwards adjusted by rotation
on the reflex of the back-side (oxide/solution interface) leading to an incidence angle of about 59◦
(adapted from [12])

about IRSE set-ups can be found in Chap. 1 in this book. The reflected IR-radiation
is described by tan � and �, the absolute amplitude ratio and the phase difference
between p- and s-polarized components of the reflected waves. For more details
see also Chap.1 in this book. For IR-SE measurements a Bruker ifs 55, Vertex 70
or Tensor 27 Fourier Transform spectrometer was used. The time to record a tan�
spectrum was about 20 s, using a mercury-cadmium-telluride (MCT) detector [17].

The float-zone Si wedge (p-doped, 2–4 �cm) was fixed in the electrochemical
cell by a steel frame on the backside where the IR beam is incident. The Si wedgewas
used as the working electrode (WE). A Pt ring and Au wire served as counter- (CE)

http://dx.doi.org/10.1007/978-3-319-75895-4_1
http://dx.doi.org/10.1007/978-3-319-75895-4_1
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and pseudo reference electrode (RE), respectively. The electrolyte was pumped
through or was exchanged by a sliding pump and silicone hose via two in/out Teflon
tubes (I/O) during the measurements. The cell has a volume of about 5ml, a quartz
window (QW) permits illumination with light if needed, and the electrode potential
was controlled by a potentiostat (Bank PGS 88 or iviumstat). The Si wedge was
H-terminated by use of standard Piranha-oxide/NH4F (40%) treatment [22]. The
used diazonium salts (i.e. 4-nitrobenzene diazonium tetrafluoroborate, 4-NBDT and
4-(N-Maleimido)benzene diazonium tetrafluoroborate, 4-MBDT) were cleaned by
several re-crystallization procedures whereas pyrrole and aniline were freshly dis-
tilled prior to use.

20.3 Preconditioning of the Si Surface by H-Termination

To start allmeasurementswith similar preconditionedSi surfaces,we use the standard
H-termination procedure where the Si(111) sample was cleaned and oxidized in
Piranha solution (H2SO4:H2O2 = 1:1) followed by a treatment in 40% NH4F (pH
7.8) [22] to obtain flat and H-terminated (111) oriented terraces (see Fig. 20.2). The
Si(111) surface treated in 5% HF shows a microscopical roughness of about 3nm
without any terraces visible.
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Fig. 20.2 Left: ex-situ tan� spectra in the Si–H vibration regime of H-terminated Si(111) prepared
by 5% HF or 40% NH4F and right: respective AFM images of the 40% NH4F and 5% HF treated
Si(111) surfaces
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20.4 Grafting from Diazonium Compound

Modification of surfaces by small molecules is of great interest for surface passiva-
tion, functionalization for optical applications and biosensing, using surfaces as work
benches and so on. The following paragraph addresses the in-situ characterization of
surface modification by small molecules using diazonium compounds as respective
species. Hereby the diazonium compound is cathodically reduced to form reactive
radical intermediates which are able to bind covalently to surfaces [23, 24].

For silicon, the overall reaction of the grafting process is induced by the electro-
chemically radical formation by the reduction of the diazonium group at the phenyl
ring in solution leading toN2 formation and phenyl radicals with the functional group
X (radical-formation (a) in Scheme (20.1)).

N2

N
2+ .+  2e-

2 2
-

a) Radical-formation:

H

Si
Si

Si
H

Si
Si

Si

.+

-

Si
Si

Si

Si
Si

Si

.+
c) Si-surface reaction:

b) Si-surface activation:

X   X   

X   

X   

X   
X   

(20.1)

These radicals activate the Si surface by abstracting H-atoms (b) and the inter-
mediate Si dangling bonds at the surface react with the phenyl radicals by forming
Si—C bonds (c) [25–27].

The insets in Fig. 20.3 show potential scans of p-Si(111) in 5mM 4-NBDT solved
in 0.01 M H2SO4 (a) and in 2mM 4-MBDT solved in ACN + 0.1 M Bu4NBF4 as
conducting salt (b).Abroadpeak canbe seenduring thefirst scan (solid lines)whereas
the second scan (dashed lines) shows no pronounced structure due to passivation of
the Si(111) surface by grafted nitrobenzene from 4-NBDT at about −1.1V and
maleimido-benzene from 4-MBDT around −0.5V, respectively. The more negative
potential of the 4-NBDT in comparison to the 4-MBDT molecules is mainly due
to the –M/–I effects of the nitro group that stabilizes the intermediate radical. The
increase in current at more cathodic potentials is due to the overlaying reaction with
the solvent at such potentials. A more controllable technique is the injection of the
diazonium salt into the solution during constant cathodic polarization. In both cases
the potential was set to about −1 to −1.1V as indicated by the arrow in the insets
of Fig. 20.3. For 4-NBDT two different concentrations of 1 and 10mM in 0.01 M
H2SO4 have been used (Fig. 20.3a) whereas 2mM was used for 4-MBDT in ACN
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Fig. 20.3 Chronoamperometry of p-Si(111) after injection of a 1 and 10mMsolution of 4-NBDT in
0.01 M H2SO4, polarization at −1.1V, flown electrical charge: about 640 (1mM) and 405 (10mM)
µC/cm2; inset: potential scans of p-Si(111) in 5mM 4-NBDT / 0.01 M H2SO4( 1st ,
2nd) and b 2mM solution of 4-MBDT in acetonitrile with 0.1 M Bu4NBF4 as conducting salt,
polarization at −1V; inset: three potential scans in the same solution ( 1st, 2nd,
3rd). The molecules are sketched on the right

(Fig. 20.3b). The amount of flown electrical charge was about 640 and 405µC/cm2

for 4-NBDT and 1400µC/cm2 for 4-MBDT, respectively.
To get information about the layer thickness we did electrochemical quartz crys-

tal microbalance (EQCM) and X-ray photoelectron spectroscopy (XPS) analysis,
from which we get a layer thickness of about 2–3nm (about 3–5 monolayers). What
is in good agreement with the slightly higher amount of 4–5nm when calculating
the layer thickness from the flown electrical charge at constant potential by tak-
ing a two electron transfer process into account. This higher amount is a result of
side reactions like dimerization, or reaction with the solvent so that electrochem-
ically formed radicals are lost without any deposition [1, 26, 28]. There are also
some hints that Azo-groups exist in such layers as sketched in the middle part of
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scheme (20.2) [24]. Therefore, the following surface structure can be assumed where
X denotes the nitro or maleimido group.

X

X
X

N

NX

X

X
X

Silicon (111)

N+ O-O

NO OX:

nitro maleimido

(20.2)

IRSE Investigation of the Nitrobenzene Modified Si Surface
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Fig. 20.4 Left top: � spectra of the NB and H-terminated flat Si surface; left bottom: tan� spectra
of H-terminated flat (grey), electrochemically modified flat (thick line) and porous Si surfaces (thin
line) using 4-NBDT. The vibrational species are indicated (Note: the spectrum of the porous Si
layer modified by NB is divided by 10). Right: SEM image (30◦ tilted) of the 350nm thick porous
layer before grafting of NB; adapted from [29]

IRSE was used to identify the surface species by their specific vibrational signature.
Figure20.4 shows ex-situ IRSE spectra of electrochemically nitrobenzene (NB)mod-
ified flat and porous Si surfaces. The porous structure of Si was used to enhance the
amount of grafted NB molecules to clarify the absorption peak positions of the NB
molecules on Si surfaces, which are the symmetric and asymmetric NO2 stretching
vibrations, and the aryl ring vibration at about 1348, 1522, and 1600cm−1, respec-
tively [29].

The same absorption peaks are visible for NB grafted on flat surfaces (thick line
in Fig. 20.4b), however with much smaller amplitudes because the amount of grafted
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Fig. 20.5 a Current time dependence during injection of the 4-NBDT (2mM) compound at−1.1V,
positions and times needed for the IRSE measurement (about 20 s each) are marked. b rP and rS
spectra as measured during grafting of NB from 0.01 M H2SO4. The grey arrows denote the
chronology of the measurements; the dashed line represents the calculated tan� spectrum (2nm
thick layer of NB on Si). c IR peak intensities for the symmetric and asymmetric NO2 stretching
vibrations as a function of the flown charge (adapted from [2])

NB molecules is much smaller for the flat surface. Please note that the spectrum of
the porous Si layer modified by NB is divided by 10. The absorption peaks at 2085
and 2113cm−1 are due to Si–H and Si–H2 surface species of non-grafted porous Si
which is H-terminated after preparation in HF solution [30–32].

The vibrational spectra in Fig. 20.4 prove the passivation and successful prepa-
ration of nitrobenzene films. The ellipsometric spectra of the NB-modified and
H-terminated flat Si surface exhibit Kramers–Kronig consistent features of charac-
teristic absorption bands: derivative-like structures in the � spectra and absorption
like bands in the tan� spectra.

The image on the right side of Fig. 20.4 shows the SEM image (30◦ tilted) of the
350nm thick porous layer before grafting of NB.

For a better understanding of the processes during electrochemical grafting of NB,
in-situ IRSE measurements as outlined in the experimental section were performed
to investigate the surface species formation during the grafting process [2].
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Figure20.5a shows the well-known current time behavior (see Fig. 20.3) during
injection of the diazonium compound at−1.1Vwith the time positions and the times
needed for the measurement of the p- and s-polarized reflection spectra (about 20 s
each), which are plotted in Fig. 20.5b. The grey arrows denote the chronology of
polarized reflection measurements. The IR absorption due to NO2 surface groups
sets on when the current peak maximum is reached and saturates at longer times
of grafting. However, the peak intensities for the symmetric and asymmetric NO2

stretching vibrations increase with increasing charge flow, pointing to a constant
growth rate with the flown charge (see Fig. 20.5c). The dashed line in Fig. 20.5b
reflects the calculated Rs spectrum using a 2nm thick layer of NB on Si. This calcu-
lated spectrum fits very well with the measured one. From that fit, we can conclude
that the layer has a thickness of about 2.5–3nmat the end of the grafting process, what
is in good agreement with the data obtained from EQCM and XPS measurements
[33] as outlined before.

20.5 Oxidation as Consequence of Side Reactions

In order to understand the stability of prepared films a Si sample was dried under
argon for further investigations and/or processing after the NB layer was formed on
Si. The tan� spectra measured in solution and after drying reveal an IR absorption
due to SiO2 surface species at about 1180cm−1. The only option to explain this
observation is the presence of neighbored Si-OH species which are able to condense
and form at least SiO2 [34]. The formation of these Si-OH surface species must occur
via a side reaction of the intermediate Si dangling bonds (Si• in (20.1)) where Si•
reacts with the solvent (H2O) as suggested recently [1]. Additionally, Fig. 20.6 shows
that no Si–H could be detected in solution since no peak up at about 2080cm−1 is
observed as for the ex-situ measurement. This behavior is due to a broadening of

Fig. 20.6 Tan� spectra of a
Si/NB sample measured
in-situ and ex-situ. The
spectra were normalized to
the spectra recorded for the
H-terminated Si in the same
environment (adapted
from [2])
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Fig. 20.7 In-situ measured
(dotted line) and calculated
tan� spectra for different
surface orientations
(out-of-plane, in-plane, and
isotropic as sketched in the
figure) of a 2.5nm thick NB
layer (n∞ = 1.41) in the
regime of the NO2 stretching
vibrations (adapted from
[2])
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the IR absorption as known from FTIR in the ATR mode [35–37] and the single IR
reflection in the IRSEmeasurement instead of multiple internal reflection techniques
used in ATR mode.

20.6 Molecular Orientation

Figure20.7 shows the in-situ measured tan� spectrum (dotted line) and spec-
tra calculated for different surface orientation of the NB molecules (out-of-plane,
in-plane, and isotropic as sketched in the figure) using a 2.5nm thick NB layer with
a refractive index of n∞ = 1.41. These calculations suggest that the NB molecules
mostly have an out-of-plane orientation on the p-Si(111) surface, rather than in-plane
or isotropic.

20.7 Thickness Determination of the NB Film

A thickness of 2.5nm of the nitrobenzene film could be determined from the simula-
tion of the in-situ spectra by the use of the known optical constants of nitrobenzene
by use of an isotropic 3-phase model (solution/nitrobenzene film/silicon) [2]. Addi-
tionally the water band at about 3400cm−1, which occurs due to the change of the
effective dielectric function at the interface due to the growth of the nitrobenzene
film, can be used for estimation of the film thickness, d.

Calculations of tan� spectra for some characteristic values of n∞ and d of the
grown NB-film are shown in the Fig. 20.8 (dashed/dotted lines). However, the cal-
culated line shapes do not match perfectly the measured one. The deviation can be
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Fig. 20.8 In-situ measured
tan� spectra of the NB
modified Si surface
referenced to the Si–H
covered surface in the same
environment (water or He
atmosphere). The
dashed/dotted lines represent
calculated tan� spectra for
different n∞ and d of the
nitrobenzene layer (adapted
from [2])
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explained by contributions from overlapping Si–OH groups or those water molecules
aligned at the charged surface.

20.8 IRSE Investigation of the Maleimidobenzene Modified
Si Surface

Maleimido functionalization of surfaces is of great interest due to the possibility
of further reaction with thiol containing biomolecules by Michael-addition reac-
tion for biosensing purposes. This section addresses the functionalization of Si by
maleimido groups via electrochemical reduction of the respective diazonium com-
pound, 4-MBDT. The corresponding CV and CA are shown in Fig. 20.3b. The tan�
spectra measured in solution and after drying of the graftedMB layer are presented in
Fig. 20.9 and reveal the maleimide related vibrational modes of the C=O, aryl ring,
and =C–H at about 1726, 1520–1540, and ≈1400cm−1, respectively [38]. Surpris-
ingly and different to grafting of NB (see Fig. 20.6), both spectra in-situ and ex-situ
show the presence of SiO2 associated vibrational absorption around 1200cm−1 with
a higher intensity for the ex-situ measurement when comparing with the appropri-
ate C–H vibrational intensities. This behavior is all the more remarkable because
the acetonitrile solution has nominally very small amounts of water and there is no
direct SiO2 formation in aqueous solution as used for NB grafting (see Fig. 20.6).

Therefore it can be concluded that acetonitrile supports oxide formation via reac-
tion of Si dangling bonds with H2O even at lowH2O concentrations since the wetting
of the Si–H surface is much better by the methyl groups of the acetonitrile than for
thewatermolecules since Si–H surfaces are highly hydrophobic andwatermolecules
are repelled.
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Fig. 20.9 In-situ and ex-situ
measured tan� spectra of the
MB modified Si surface
referenced to the Si–H
covered surface in the same
environment (acetonitrile or
He atmosphere), adapted
from [39]
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20.9 Thickness Determination of the MB Film

Figure20.10a shows the optical constants of a dry MB film as derived from the
ex-situ IRSE measurements. These n and k values have been applied to calculate
the in-situ recorded spectra of MB film grafted on the Si(111) surface. The IRSE
spectra have been calculated for different thicknesses and were normalized to the
initial spectrum just before the deposition, tan�(ref). The calculated spectra and the
in-situ measured spectrum (all are referenced to the spectrum without a layer) are
plotted in Fig. 20.10b for comparison. From the C=O band amplitudes a thickness
of 3.5 ± 0.5nm, which is in qualitative agreement with the thickness as determined
from ex-situ experiments, can be extracted [39]. However, there is a little uncertainty
since the optical constants of the MB layer may not be the same in the liquid and dry
environment and the assumed homogeneous thickness in the probed spot area of a few
10mm2 may not be fulfilled. However, this thickness agrees well with that obtained
for the NB grafted layer on Si(111) of about 2.5–3nm and the MB layer thickness
as obtained via IR-AFM of transferred MB functionalized graphene layer [40].

20.10 Summary of the IRSE Investigations of Si Surfaces
Modified by Diazonium Cations

This previous paragraph has presented IRSE results obtained for nitrobenzene and
maleimido-benzene grafted on Si(111) surfaces. Characteristic IR absorptions due
to NO2 and C=O stretching modes are visible under in-situ conditions. Thereby
different steps of the grafting process of nitrobenzene (NB) from 4-nitrobenzene
diazonium tetrafluoroborate (4-NBDT) were monitored by in-situ IRSE during the
electrochemically induced reaction at the surface but no 4-NBDT or intermediate NB
radicals in solution contribute to the IR absorption in theNO2 stretchingmode region.
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Fig. 20.10 a Optical
constants n and k of the MB
film as determined from
optical-layer simulations
applied to ex-situ measured
tan� spectrum of the MB
layer on Si(111); b
Comparison of calculated
referenced spectra for 3.0,
3.5 and 4.0nm MB layer on
Si(111) with the in-situ
measured and normalized
tan� spectrum in the regime
of the C=O vibrational mode
at about 1726cm−1; adapted
from [39]
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Si–H groups could not be detected in solution with a single reflection measurement
due to their weakness and strong interaction with water molecules of the electrolyte
that lead to a line broadening in the tan� spectra independent of the diazonium cation
used. Additionally, in aqueous solution SiO2 formation during NB grafting seems
to be mainly a result of post-oxidation reaction of Si–OH surface species formed
during electrochemical reduction of 4-NBDT in 0.01 M H2SO4. On the other hand,
acetonitrile used as solvent for grafting of maleimido-benzene (MB) supports oxide
formation via reaction of intermediate Si dangling bondswith small amounts ofwater
present in solution due the much stronger wetting of the hydrophobic Si–H surface.

20.11 Deposition of Ultra-Thin Polymeric Layers from
Pyrrole

This paragraph gives an overview of in-situ IRSE measurements and results on the
deposition of polypyrrole (PPy). Electrochemical oxidation of pyrrole is an example
for the anodic polymerization of monomers. The sketch in Fig. 20.11 presents the
main steps during polymerization, the formation of radical cations and the dimeriza-
tion of them followed by further polymer formation [41–43].

Figure20.12 shows the typical behavior of the current and the mass change as
obtained by electrochemical quartz crystal microbalance (EQCM) as a function of
the applied potential during PPy deposition on p-Si(111) in 0.1 M pyrrole + 0.1 M
HNO3. The increase in anodic and cathodic current in a broad potential regime is due
to capacitive charging of the increasing PPy layer thickness induced by the potential
change during scanning [44]. Deposition of the PPy layer occurs only at potentials
above 0.6V as can be seen from the EQCM measurement (Fig. 20.12b).
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Fig. 20.11 The main steps
during polymerization of
pyrrole: the formation of
radical cations, dimerization
and further polymer
formation according to
[41–43]

Fig. 20.12 Current (a) and
mass change (b) as a
function of the applied
potential during PPy
deposition on p-Si(111) in
0.1 M pyrrole + 0.1 M
HNO3, scan rate 50mV/s
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To reduce this strong charging and discharging of the layer pulsed potential tech-
niques can be used as presented in Fig. 20.13 what enhances the film quality and
at least the Si/PPy interface properties [45] compared to scanning technique [46].
The potential of 0.7V was chosen from the EQCM measurements since deposition
occurs at this potential on a low level and over-oxidation of the PPy layer can be
neglected.

Figure20.14b reflects the potential pulse sequence as used for the in-situ tan�
measurements during PPy deposition where 100s of deposition was followed by



20 Application of In-Situ IR-Ellipsometry in Silicon … 473

0 100 200 300 400 500 600

0.0

0.5

-0.5

0.0

0.5

Po
te

nt
ia

l /
 V

Time / s

C
ur

re
nt

 
de

ns
ity

 / 
m

A/
cm

2

Fig. 20.13 Left: potential pulse (bottom) and current (top) sequences during polypyrrole formation
in 0.1 M Pyrrole + 0.1 M HNO3 (pH 1.5); right: SEM image (tilt angle 30◦) of a PPy layer on Si
as prepared by such a pulse method. (modified according to [46])

about 25 s needed for the tan� measurement. These spectra are plotted in Fig. 20.14c
normalized to the tan� spectrum of the uncovered Si(111)-H surface in solution in
the beginning of the deposition sequence. IR absorption due to wagging modes of
N-H (δNH) and C–H (δCH) develop with increasing amount of potential pulses which
follow from the increase in the PPy layer thickness (see Fig. 20.14). Obviously, no
or only very small amount of SiO2 is formed during the anodic oxidation of pyrrole
in 0.1 M HNO3 since the IR absorption due to SiO2 is broader than that of δCH as
can be seen in Fig. 20.14 for an anodically oxidized Si surface (SiO2).

Figure20.15 compares IRSE measurements under in-situ and ex-situ conditions
normalized to the Si–H covered surface in the same environment. The ring related
vibrations are slightly enhanced in intensity after drying and measured ex-situ,
whereas the wagging modes of C–H and N–H remain nearly constant.

Preparing the PPy layer on Si at higher anodic potentials (+1.2V) leads to totally
different IRSE spectra as compared to+1.1V as presented exemplarily in Fig. 20.16.
A broad peak around ∼1719–1734cm−1 is visible in the ex-situ spectrum at +1.2V
whereas this IR absorption is veryweak at 1.1V and is identified around∼1706cm−1.
This absorption band can be related to the C=O stretching vibration as a result of
the over-oxidation of the PPy at +1.2V [47, 48]. This behavior was also confirmed
by in-situ Raman measurements [48].

This paragraph summarizes IRSE results obtained for polypyrrole formation on Si
surfaces. The thin PPy layer prepared by anodic oxidation is uniform and compact.
The growth of the PPy layer was monitored by means of in-situ IRSE measure-
ments observing the changes in the IR absorption of the C–H and N–H wagging
modes. The pulsed deposition technique leads to PPy layers on Si without any SiO2

interface species even in aqueous solution pointing to a fast charge transfer to the
pyrrole molecules. IRSE measurements reveal a small potential range from which
the over-oxidation of the PPy layer occurs (between +1.1 and 1.2V using 0.1M
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Fig. 20.14 a In-situ pump through cell (see also Fig. 20.1) for combined IRSE and electrochemical
measurements, b potential pulse sequence (100s of deposition in 0.1 M Pyrrole + 0.1 M HNO3
followed by 25s for the tan� measurement), c in-situ tan� spectra recorded during PPy deposition
(2 to 7,measured after 5 potential pulses each step) normalized to the tan� spectrumof the uncovered
Si(111)-H surface (1) in solution (respective vibrational modes are marked). A spectrum of a thin
SiO2 layer on the Si wedge is shown for comparison (adapted from [45])

Fig. 20.15 IRSE spectra of
a thin PPy layer on Si under
in-situ and ex-situ conditions
normalized to the Si–H
covered surface in the same
environment (respective
vibrational modes are
marked), 0.1M pyrrole in
0.01 M H2SO4 (adapted
from [19])
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pyrrole in 0.01 M H2SO4) as reflected by the C=O related IR absorption band
around 1730cm−1.
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Table 20.1 Assignments of
IR bands of PPy prepared at
different oxidation potentials
(Data from [19])

Wavenumber (cm−1) Assignments

1.2V 1.1V

1734, 1719 1706 C=O stretching

1667 H2O

1600,1580 1577 C=C stretching

1525 Ring stretching

1465, 1458 C–H in N–CH3

1380 Ring stretching

1290, 1282 1266 C-N?

1229 Si-O?

1128 1113 Ring breathing or
in plane N–H def.

1074 1065 C–H in plane def.

1045 1043, 1051 C–H out-of-plane
def. or N–H

1014 1014 C–H in plane def.
Ring vibration

Fig. 20.16 Ex-situ tan�
spectra of PPy layers on Si
prepared by different applied
potentials (1.1 and 1.2V,
0.1M pyrrole in 0.01 M
H2SO4). The spectra have
been normalized to the tan�
spectrum of the
H-terminated Si(110)
surface, characteristic bands
are marked. The assignments
are summarized in Table20.1
(adapted from [19])
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20.12 Doping of PANI Films with PSS

Poly (4-styrenesulfonate) (PSS) doped polyaniline (PANI) films were prepared by
electrochemical deposition andcharacterizedby in-situ IR spectroscopy. Figure20.17
shows the molecular structure of both compounds. The aniline concentration was
0.3 M in diluted aqueous H2SO4 [0.1 M]. 0.1g poly (sodium 4-styrenesulfonate)
[-CH2CH (C6H4SO3Na)-, Sigma-Aldrich, Mw∼70.000] was added into 150ml ani-
line solution prior the deposition.

The electrochemical growth was performed with following procedure: The oxida-
tion of anilinemonomer started at+2.3V for 100s and ended at−0.75V for the other
100s (1 loop). The whole process lasted for 50 loops. In all steps of the preparation
process the solution was pumped in a cycle from a reservoir through the flow-cell.
The polarized in-situ IR measurements in an ellipsometric set-up were made after
10, 20, 30, 40 and 50 loops, respectively.

Figure20.18 shows the in-situ spectra of the as-deposited doped PANI film in the
spectral range of PSS dopant. Beside the typical bands of PANI (not shown) two
new bands appear at around 1032 and 1007cm−1, which can be attributed to S=O
stretching of the sulfonate group from the dopant PSS [49], and the in-plane bending
of C–H in the benzene ring [50], respectively. Obviously the band amplitudes of PSS
related bands increase with the amount of deposited polymer material. However,
unclear at present stage is the influence of the dopant on the structural properties of
the PANI films which is indicated by deposition dependent shifts of PANI related
absorption bands (not shown).

The possibility of characterization of the filmproperties by IR ellipsometry aswell
as identification of the dopant itself could be used for optimization of preparation
schemes of doped polymer films.

Fig. 20.17 Molecular
structure of used aniline
monomer and PSS dopant

aniline             
poly(sodium 

4-styrenesulfonate)(PSS)
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Fig. 20.18 In-situ tan�
spectra of growth of PSS
doped PANI film; adapted
from [19]
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20.13 Summary

This chapter reviews the results obtained by in-situ infrared spectroscopic ellip-
sometry during electrochemical surface modification of gold and silicon. It shows
that electrochemical treatment using cathodic reduction (diazonium compound, e.g.
4-Nitrobenzene diazonium tetrafluoroborate) or anodic oxidation (pyrrole) lead to
the formation of thin polymeric surface layers. The increase in layer thickness is
reflected by an increase in the absorption of compound specific vibrational modes.
In case of cathodic reduction of the diazonium compound, a formation of SiO2 layer
was observed after drying obviously due to post-condensation of SiOH intermediate
surface species present after the grafting process. The anodic oxidation of pyrrole
shows the over-oxidation of the polymeric layer by the occurrence of C=O related
IR absorption band at about +1.2V.

Overall, IRSE is a sensitive and contactless tool to investigate processing steps and
intermediate species under in-situ conditions with respect to their specific vibrational
signature.
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Chapter 21
Characterization of Thin Organic Films
with Surface-Sensitive FTIR
Spectroscopy

Katy Roodenko, Damien Aureau, Florent Yang, Peter Thissen
and Jörg Rappich

Abstract This chapter reviews the role of infrared spectroscopy in characterization
of surfaces and interfaces of thin organic films. FTIR spectroscopy is widely utilized
in studies of chemical bonds addressing questions concerning organization and ori-
entation of the molecules in those films. In-situ FTIR spectroscopy frequently aids in
studies of chemical reactions under a variety of experimental conditions, from high
vacuum to aqueous solutions. FTIR spectroscopy can be realized in a multitude of
setup geometries sensitive to a small amount of surface adsorbates. Anisotropic film
properties can be studied by incorporating polarizing optics in an FTIR setup. FTIR
modes of operation discussed in this chapter are Attenuated Total Reflection (ATR),
transmission and reflection of the IR radiation through (or from) the sample, Polar-
ization Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) and
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Infrared Spectroscopic Ellipsometry (IRSE). Practical considerations related to the
sample properties (such as doping or roughness) and to the measurement conditions
are discussed.

21.1 Introduction

Infrared spectroscopy is a widely used technique for studies of chemical composition
of functional organic films as well as of the interfaces that are formed between the
deposited layers and the surfaces in contact with them. Interaction of the IR radiation
with the adsorbed organic molecules is characterized by infrared absorption lines
positioned at the frequencies specific to the internal molecular vibrations of certain
chemical groups. Identification of these absorption bands allows to verify molecular
composition of the deposited organic films, the type of the intra- or intermolecular
interactions, their structure and the nature of the interfacial bonding between the
substrate and the organic layer. Several characteristic absorption bands, typical for
surface adsorbates onmost studied substrates such as Si orGe, are listed inTable21.1.

The position of the absorption bands depends on a variety of factors, such as
temperature, material density, and interactions with the neighboring molecules. The
frequency shifts of the absorption-bands are used for interpretation of the molec-
ular structure and bonding on the surfaces. For instance, the quality of the surface
functionalization with alkane molecules can be assessed through the position of the
asymmetric methylene stretching vibration absorption band, the νas(CH2) [2, 3, 13].
For hydrocarbon chains with the length of above 14 CH2 units, a typical indication
of a dense, well-ordered alkane layer is the appearance of the νas(CH2) band close
to 2920cm−1. Frequencies higher than 2920cm−1 indicate lower order of the alkane
chains on the surfaces [1, 3].

Experimentally, FTIR spectroscopy can be realized in amultitude of setup geome-
tries that can provide high sensitivity for a small amount of surface adsorbates. Each
geometry is optimized for implementation under certain experimental conditions,
such as in solutions or under vacuum. The dielectric properties of the investigated
materials dictate the way that the radiation is reflected from, transmitted through and
absorbed within the sample of interest. The signal-to-noise ratio (SNR) is highly
dependent on the choice of the mode of measurement. Optimization of the opti-
cal setup is especially important for the in-situ experiments, where the fast spectral
acquisition is critical for the detection of the spectral changes due to the dynamic
processes taking place on the investigated surfaces.

This chapter describes the principles, experimental setup and application of most
widely utilized surface-sensitive FTIR methods for studies of functional organic
films, namely the ATR, IRSE, PM-IRRAS, as well as the transmission and reflection
modes of operation.
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Table 21.1 Several characteristic infrared absorption bands of typical surface functional groups.
δ: bending modes; ν: stretching modes

Chemical group Characteristic
wavenumbers cm−1

Surface functionalization example

ν (CH2) 2960–2850 alkyl chains on Si [1–3]

ν (C=O) 1700–1735 Aldehydes, ketones, carboxylic acids, ester [4]

ν (NO2)sym 1380–1345 Functional nitro-groups [5–7]

ν (NO2)as 1570–1525 Functional nitro-groups [5–7]

ν (Si–Hx ) 2070–2150 H-terminated Si (mono-, di- and trihydrides) [8, 9]

δ (Si–Hx ) 656 Si–H2 in H-terminated Si [8, 9]

ν (Ge–Hx ) 2062–1960 H-terminated Ge (mono-, di- and trihydrides)
[10–12]

δ (Ge–H2) 830 Ge–H2 in H-terminated Ge [10–12]

21.2 Attenuated Total Reflection (ATR)

Attenuated total internal reflection (ATR) technique was developed simultaneously
and independently by Harrick [14] and Fahrenfort [15]. The detailed reviews of
ATR-FTIR can be found in several review manuscripts [16–19] and books [20, 21].
ATR is based on the total internal reflection of the incident IR beam at the interface
between two media (the film and the substrate). Figure21.1 schematically presents
the principles of the ATR approach. The light is reflected on the surface of the
internal reflection element (IRE) and only molecules located in a (few) micrometer-
range distance over the surface of the IRE are interacting with the probing infrared
light. Since the refractive index of the IRE changes with wavelength, the internal
angle θ is also wavelength-dependent. Normal incidence of the beam at the entrance
and the exit from the IRE allows to maintain the same angle of incidence over
the entire spectral range. Only the portion of the beam that is confined within the
aperture A at the beveled area of the IRE will be guided within the IRE at the desired
internal reflection angle θ (Fig. 21.1). The total internal reflection occurs at angles
of incidence above the critical angle θc:

θc = arcsin

(
n2
n1

)
(21.1)

where n1 is the refractive index of the IRE and n2 is the refractive index of the
medium surrounding the IRE (air or solution for an isotropic two-layer system).

ATRmeasurements can be performed in single internal reflection (SIR) ormultiple
internal reflection (MIR) configurations. Figure21.2 shows several possible configu-
rations along with the proposed setups for in-situ implementation in electrochemical
processes.
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Fig. 21.1 Schematical view of the beam path inside the internal reflection element with the length
l and thickness t . The aperture A defines the area on the wedged side of the IRE that allows the
beam guidance at the desired internal angle of incidence θ . For the normal angle of incidence on
the aperture, the angle of the internal reflection is the same as the wedge-angle θ . On the inset:
schematic representation of the evanescent field decay above the IRE

Fig. 21.2 Top: multiple internal reflections (MIR); bottom: single internal reflections (SIR) ATR
configurations. Left: electrochemical configurations. Right: schematic representation of the beam
path in various optical elements. WE: working electrode; CE: counter electrode; RE: reference
electrode; W: window; I/O: input/output; D: detector
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In MIR configuration, the number of the internal reflections N depends on the
plate length l and the plate thickness t accordingly to the following formula:

N = (l/t) cot(θ). (21.2)

The evanescent radiation that probes the film structure is confined to the interfacial
region between the substrate and the outer probed medium. This feature of the ATR
technique is frequently exploited in in-situ studies of solid/liquid interfaces, where
the adsorption of molecules can be studied in presence of solvents that are strongly
absorbent in the IR spectral range, such as for example water. The penetration depth
dp is defined as the distance where the amplitude of the electric field falls to e−1 of
its value at the surface and is calculated accordingly to (21.3):

dp = λ/n1

2π
√
sin2 θ − ( n2n1

)2
(21.3)

where λ is the wavelength, n1 is the refractive index of the IRE and n2 is the refractive
index of the medium surrounding the IRE. The choice of the plate length depends on
the application. Although multiple interactions with the adsorbates should increase
the SNR, yet, if the IRE itself absorbs in the IR spectral range of interest, the beam
path in the IRE should be minimized. For instance, when silicon is used as an IRE in
a multiple internal reflection configuration the spectral range below 1500cm−1 may
become unaccessible if the beam path inside the IRE is too long.

In surface-modification experiments, ATR spectroscopy can be utilized both
in-situ, where the film is casted on the IRE surface itself, or ex-situ, where the ex-situ
modified surfaces are tightly pressed towards the surface of IRE and the absorption
spectrum is recorded [20, 21]. In the latter case, inadequate contact to the IRE due to
the irregularities of the sample surface can lead to the variations in the IR absorbance
intensities in dependence on the clamping pressure applied to the sample. In-situ
experiments are frequently carried out in flow-cells that allow to monitor molecular
adsorption as a function of time [2]. Both in-situ and ex-situ ATR experiments have
been reported in homemade as well as in commercial cells [22, 23]. Discussions
regarding design of the in-situ ATR cells and the related technical aspects can be
found in recent review articles [17, 18].

The choice of the IRE element depends on the spectral range of interest and the
IRE stability to the required experimental conditions, such as the pH of the solvents
for studies in solutions. The most commonly used materials are Si, Ge, ZnSe, ZnS,
KRS-5, diamond and several others. The optical and mechanical properties of these
materials and other IRE materials are summarized in [16, 18]. The IRE surfaces
can be further modified to suit the experimental requirements. For instance, studies
of catalytic reactions typically require deposition of a catalyst as a thin film or in
a form of powdered layers [18, 24, 25]. The thickness of the film must be thinner
than the penetration depth of the evanescent wave at any wavelength of interest. For
powdered layers, quantitative analysis of the spectra is especially challenging due to
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the structural complexity of such films, where the factors such as layer porosity and
the size of the nanoparticles may play an important role in the spectral lineshape and
intensity. For both thin films and powdered layers a possibility of signal enhancement
due to the surface-enhanced infrared absorption (SEIRA), an effect observed on
rough metallic surfaces or upon addition of metallic nanoparticles to an organic
layer, should be considered [24, 25].

In-situ applications of the ATR technique include monitoring of the thin film
formation [2], catalysis [26], biomolecular sensing [27, 28], and many others.

ATR technique is frequently implemented for in-situ studies of reaction mecha-
nisms at the solid/liquid interfaces. Studies of dynamic processes occurring in aque-
ous solutions present many challenges due to the strong absorption of water in the
mid-IR spectral range, as discussed in [22]. Additional examples of the implemen-
tation of the ATR technique in studies of catalysis can be found, for example, in
[17–19, 26, 29].

One of the examples of application of internal reflection techniques is in-situ elec-
trochemical studies, as demonstrated in Fig. 21.3. This figure shows IR absorption
spectra in the range of SiO2 stretching modes (spectra obtained in SIR mode) and
Si–H stretching modes (obtained in MIR operational mode) during anodic oxidation
at different potentials for n-Si(111) in 0.2 M Na2SO4 (pH 3). The spectra are ref-
erenced to the spectrum of a H-terminated Si surface recorded in the same solution
polarized at about −0.7V. Applying a potential positive to −0.5V versus Ag/AgCl
leads firstly to the oxidation of Si–Si back bonds so that oxygen back bonded Si–H
species develop on the former Si–H covered surface. This behavior is reflected by a

(a) (b)

Fig. 21.3 IR absorption spectra a in the range of SiO2 stretching modes and b in the range of Si–H
stretching modes during anodic oxidation at different potentials for n-Si(111) substrates in 0.2 M
Na2SO4 (pH 3). The spectra are referenced to the hydrogen-passivated surface. The spectra are
shifted for clarity. SIR: single internal reflection; MIR: multiple internal reflections
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decrease in the IR absorption in theSi–H region (peak up at around2090cm−1) and by
an increase in Si–H species with an increasing amount of oxygen back bonds (O–Si–
H 2118cm−1, O2Si=H2 2200cm−1, and O3Si–H 2255cm−1 [30–33], respectively).
At about+1.25V, the O3Si–H related IR absorption starts to vanish. Simultaneously,
the IR absorption at 1120cm−1 due to SiOx species splits into 2 peaks at 1070 and
1240cm−1, respectively, pointing to an SiOx island formation in the beginning and
development of a continuous SiO2 layer positive to +1V [34].

ATR technique is also useful for in-situ studies of formation of self-assembled
monolayers at the solid/liquid interfaces. Vallant et al. [2] have studied the forma-
tion of alkylsiloxane monolayers OxSi–(CH2)n–Y with different hydrocarbon chain
lengths (n = 10, 16, 17) and different terminal substituents (Y = CH3, COOCH3,
CN, Br) on native silicon (Si/SiO2) by means of in-situ ATR in the precursor solu-
tion. Figure21.4 presents the results of monitoring the formation of a monolayer
film of octadecylsiloxane (ODS) on SiO2 surface. Two groups of absorptions can be
distinguished in Fig. 21.4: the CHx stretching vibrations of the monolayer between
2800 and 3000cm−1 that grow in the positive direction, and the CH stretching bands
of the solvent (benzene) above 3000cm−1, growing in the negative direction with
increasing time of adsorption. These spectral changes are characteristic for a succes-
sive replacement of solvent molecules with film molecules at the substrate/solution
interface. After a certain time, the band intensities remain constant and indicate the
complete formation of amonolayer film. The twomajor absorption bands in Fig. 21.4
can be assigned to νas(CH2) around 2920cm−1 and to νs(CH2) at 2850cm−1, respec-
tively. As the surface coverage increases, the νas(CH2) absorption band shifts to the

Fig. 21.4 In situ ATR spectra (s polarization, 35◦ incidence) monitoring the formation of a mono-
layer film of octadecylsiloxane (ODS) at the interface between a silicon ATR crystal and the adsor-
bate solution (1 mmol/L octadecyltrichlorosilane in benzene). Reprinted with permission from [2]:
T.Vallant, J.Kattner,H.Brunner,U.Mayer, andH.Hoffmann, Langmuir 15, 5339 (1999). Copyright
1999 American Chemical Society



490 K. Roodenko et al.

lower frequency. The frequency of the asymmetric methylene stretching vibration
close to 2920cm−1 is a typical indication for crystalline alkanes,while the frequencies
around 2928cm−1 are typical for liquid alkanes [1, 3]. This indicates the transition
to highly packed, ordered molecular structure at higher coverages.

21.3 Infrared Spectroscopy in Transmission and Reflection
Modes

21.3.1 Transmission Mode

Infrared spectroscopy in a transmission mode is especially well-adapted for trans-
parent substrates. Since the infrared beam is transmitted through the sample, it is
important that the substrate is transparent and homogeneous. This enables compar-
ison between the surfaces at different steps of modification. At each measurement
step, the sample has to be positioned at the exact same position in order to observe
the influences of the modification steps performed on the upper monolayers. Unfor-
tunately, for any configuration of the IR spectroscopy the presence of the substrate
itself can sometimes distort the infrared spectrum (such as for example due to the
frequency shifts of the bulk phononmodes upon changes of the ambient temperature)
that may complicate the interpretation.

Various types of glasses based on silicon oxides exhibit good transparency in the
visible region but unfortunately, they have low transparency in the infrared spectral
range. Thus, it is not possible to use them for wavelengths longer than 5µm, which
corresponds to wavenumbers below 2000cm−1. Indeed, the strong absorption of the
Si–O bond may hinder a proper analysis of the phenomena occurring at the sur-
faces. Another example is alkali halide crystals that exhibit a very good transparency
from ultraviolet to infrared but due to their highly hygroscopic properties, a careful
handling is required.

Finally, the good transparency of low-doped semiconductors such as silicon, ger-
manium, indium phosphate or gallium arsenide make them the favorable materials
for transmission infrared spectroscopy. Traditionally, silicon has been the material of
choice since it is cheaper and easier to obtain with a sufficient area for being used in a
transmissionmodewith a sufficient sensitivity to thin films. It is important to point out
that among the large numbers of available silicon substrates, high-quality semicon-
ductors are required for this technique. For instance, substrates obtained from float
zone (FZ) method are typically preferred over the ones obtained by Czochralski (CZ)
growth. The latter exhibit a strong absorption band around 1100cm−1 associatedwith
interstitial oxide. In addition, FZ silicon has lower levels of carbon contamination
than CZ silicon.

The surface roughness is another important aspect to be considered. One of the
most common ways to avoid roughness-related problems is to use double-side pol-
ished material. It turns out that the rough side of a silicon wafer can scatter infrared
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light significantly, preventing a part of it from reaching the detector. Sometimes the
rough side can be chemically polished, for instance in a mixture of hydrofluoric acid,
nitric acid and acetic acid. It must be noted that for transmission spectroscopy, it is
essential to use lightly doped substrates in order to reduce the effect of free carrier
absorption. The use of polycrystalline substrates is generally not possible, due to the
scattering of the infrared beam.Qualitative analysis can be performed by IR transmis-
sion on amorphous [35] or porous silicon [36]. The density of vibrators is naturally
higher in comparison to crystalline substrates but not easy to quantify. The case of
the porous substrates is also delicate. In its electrochemical preparation, the metallic
back-contact must be controlled to avoid disturbances to the infrared beam. A contact
on the corner of the sample can be used if the substrate is conductive enough, the
deposition of a gold grid can be used as well. Monocrystalline silicon is generally
the most adapted substrate for transmission infrared especially if quantification is
required. Knowing the surface crystallographic orientation allows a good estimation
of the surface coverage. For instance, a surface density of 8.3 × 1014 Si–H bonds per
cm2 is obtained on flat H-terminated Si(111). Once the H-terminated Si surfaces are
modified, the integration over the absorption band area due to the remaining Si–H
bonds allows a quantitative analysis of the coverage. Yet care must be taken since
the remaining Si–H bonds may interact with the adsorbed surface molecules, thus
the spectral lines due to the Si–H absorption may broaden, change the amplitude and
exhibit frequency shifts.

Special deposition compartments, such as vacuum chambers, can be especially
adapted for the transmission infrared spectroscopy. The controlled atmosphere and
the fact that the sample does not move between different measurements ensure that
the features observed on the IR spectra directly relate to the surface modification and
not to the factors associated with, for instance, changes in humidity or to the substrate
displacement [37]. The exposure of substrates to gases and gas-phase reactions can
be studied by this method. For instance, the reaction of H-terminated Si surfaces
with NH3 have been performed by transmission infrared in an atomic-layer deposi-
tion (ALD) reactor [38–40]. The baseline quality facilitated the analysis of specific
small contributions, such as the Si–NH–Si at the steps. For gas-phase reactions, it is
important to control the temperature of the sample. Each measurement (before the
modification and thereafter, at various stages of the modification) must be conducted
at the precisely same temperature, in order to avoid misinterpretation of absorption
bands due to the substrate-related phonon features [41]. The main advantage of the
transmission infrared spectroscopy is it’s ease of use. The main disadvantage and the
principal reason for the development of others geometries is the low sensitivity of
this technique in comparison, for instance, with the MIR.

Nonetheless,recentexamplesshowedthattransmissioninfraredspectroscopycould
be sufficient in terms of sensitivity to monolayers and to multistep–modifications of
monolayers [4, 42, 43]. Among the thinnest monolayers, methoxy groups (OCH3)
in Si–OCH3 was characterized in a transmission mode [44]. As confirmed by the
DFT calculations, all the vibrations associated with the C–H groups were clearly
assigned. In this work, the high quality of the IR spectra was achieved due to the
fact that the experiments were performed inside a glove-box, ensuring the absence
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of bands associated with water vapor in the spectra. The integration over the absorp-
tion bands due to the remaining H–Si(111) bonds pointed out on a replacement
of the third of the initial Si–H bonds by the methoxy groups (under an assump-
tion that the strength and the width of the Si–H absorption bands were not affected
by the interactions with the nearby molecules), demonstrating the high sensitiv-
ity of transmission infrared to ultrathin layers. Furthermore, this example demon-
strated the applicability of the IR spectroscopy to nanopatterned surfaces. Indeed,
the methoxy groups may be replaced by fluorine atoms, while the surrounding
Si–H bonds stay unreacted. The band position of absorption bands due to the Si–H
vibrations is then shifted depending on the number of halogen atoms in the nearest-
neighbor sites [45]. It is rather challenging to obtain spectra of methyl groups on
surfaces due to the presence of contaminants for all the methods of preparation.
A solution to problematic IR characterization of the Si–CH3 surfaces was sug-
gested by the preparation of a porous silicon surface that allows to increase the
density of vibrators [46]. Of course, the possibility to quantify the experimental yield
is partially lost in this case. Recently, Lewis et al. also showed infrared character-
ization of ultrathin monolayers on germanium surfaces by transmission infrared
spectroscopy [47].

On transparent substrates MIR technique is often advantageous over the trans-
mission IR spectroscopy due to the enhanced SNR and the intensity of the infrared
bands. Indeed, the infrared beam interacts with the modified surfaces several times
(in comparison to two interactions using transmission IR). Another advantage of the
internal reflection geometry for transparent substrates is the possibility for in-situ
studies in liquids, where for instance, part of the sample can be in contact with liq-
uid phase [48]. However, using MIR could be difficult for two main experimental
reasons: first, it is never easy to prepare the sample at prism geometry with well-
polished bevels. The polishing of the sides that couples the light in and out of the
MIR element can break the fragile substrates that are less solid than silicon. Second,
the necessity to place the sample at the exact same position for each measurement to
avoid spectral artifacts is even more crucial in MIR than in transmission geometry.

21.3.2 Reflection Mode

Infrared reflection absorption spectroscopy (IRRAS), also namedReflectionAbsorp-
tion Infrared Spectroscopy (RAIRS), External Reflectance Infrared Spectroscopy
(ERIS) or even Grazing Angle Infrared Spectroscopy (GIR) is a technique based on
a single specular reflection of light from a reflective surface. Consequently, it is espe-
cially well-suited for studies of adsorption of small molecules onmetal surfaces [49].
Based on the surface-selection rules on metallic substrates [50], IRRAS can help to
determine the adsorption geometry and the adsorption site of a given molecule [51].
Historically, this method has been developed after the first studies of CO adsorption
on supported metals by single transmission IR [52]. The need to use single-crystal
as model surfaces to address issues related to specific site adsorption or reaction
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mechanisms motivated using a reflection mode geometry [53, 54]. The first studies
were carried out to investigate CO adsorption on copper surfaces [55]. Due to the
intensity of their dipole moments, CO and NO adsorption on a large variety of metals
have been carried out at the beginning [56]. It should be noted that CO adsorption is
still used to calibrate a system or to test the reactivity of a given surface.

The reflection of electromagnetic wave from a surface can be derived from the
Maxwell equations, as discussed in the Introduction chapter of this book. The interac-
tion of the electromagnetic wave with the adsorbate molecules is a dipole interaction
between the electromagnetic field and the dipolemoment of themolecule. The dipole
selection rules derived from Fresnel equations dictate that on metallic surfaces, the
only absorption bands that can be observed in the IR spectra are due to the molecular
dipole moment perpendicular to the sample surface. These absorption bands would
be typically enhanced due to the image-effect at the metallic interface [50]. The
intensities of the electrical fields at the surface are functions of the angle of inci-
dence and the refractive indices of substrate and film. These parameters influence
the reflectivity R of the system.

IRRAS spectrum is typically presented as (R0 − R)/R0, where R0 is the reflec-
tivity without any adsorbate and R is the reflectivity of the surface with adsorbed
material system. Alternatively, the measured absorbance of the thin film can be pre-
sented as −log(R/R0).

On metallic surfaces, the experiment is most effective at a high angle of incidence
relatively to the surface normal (grazing angle spectroscopy, GIR). Typically, the
angle of incidence is chosenbetween80◦ and88◦, dependingon themetal. IRRAScan
be applied not only onmetals but also on transparent substrates andweakly absorbing
substrates, such as semiconductors and dielectrics (including liquids) at appropriate
angles of incidence [50]. For example external reflection infrared spectroscopy was
used to studymonolayers of octadecylsiloxane formed on native silicon (Si/SiO2) and
glass surfaces [57]. Spectral simulations based on classical electromagnetic theory
allowed to calculate an average tilt angle of the hydrocarbon chains on both silicon
and glass surfaces that was estimated to be 10◦ with respect to the surface normal.

21.3.3 Polarization Modulation Infrared Reflection
Absorption Spectroscopy

The overlapping infrared bands of water present in the ambient atmosphere can con-
siderably complicate the evaluation of the infrared spectrum. In the early 1990s [58],
a differential reflectivity technique, Polarization Modulation-Infrared Reflection-
Adsorption Spectroscopy (PM-IRRAS) has been developed. The combination of
FT-IRRAS and fast polarization modulation of the incident beam (ideally between
p- and s- linear states) gives a faster way to obtain infrared bands avoiding those that
appear in both polarizations. For the molecular characterization of surfaces of sili-
con, gold or any reflective material, the use of PM-IRRAS brings the great advantage
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Fig. 21.5 Optical setup for
PM-IRRAS measurements

of easy and rapid analyses, without requiring a perfect positioning of the sample or
control of the surrounding atmosphere [59]. Figure21.5 shows a photograph of a
PM-IRRAS system. A continuous light source emits infrared radiation that is
absorbed by the thin film. Radiation reflected from the surface is registered in a detec-
tor and electronically converted into an IR-spectrum.Following the earlier-mentioned
surface-selection rules on metals, enhanced absorbance of the reflected p-polarized
light is obtained. In contrast, in thin films nearly no absorbance is observed with
s-polarized light. This disparity in absorbance intensities offers the possibility to
obtain the differential reflectance spectrum of the surface species �R/R by polar-
ization modulation.

It is important to use only polarization–insensitive elements behind the sample
(see Fig. 21.5), since any instrumental polarization differences will appear in the
PM-IRRAS spectrum. To obtain the differential spectrum, the detector signal is
processed by specialized electronics that generate the average and the difference
interferogram required for the PM-IRRAS spectrum. These two signals are digitized
simultaneously with the A/D converter of the FTIR spectrometer.

Another component of the setup is a photoelastic modulator (PEM), which is
based on a birefringent material such as ZnSe. The stress amplitude that dictates
the birefringent response of the PEM can be selected so that the PEM acts like a
‘half-wave’ plate. This means that the plane of linear polarized light is rotated by
90◦, after passing through the PEM crystal. The stress, applied to the PEM crystal,
is sinusoidally modulated. Thus the state of polarization is modulated as well. The
effective polarization modulation frequency of the light is twice the mechanical
oscillation frequency of the PEM crystal. The PEM modulates the infrared beam by
rotating the polarization of the light sinusoidally at the frequency of the birefringence
modulation introduced mechanically in a ZnSe crystal [60, 61]. If a monochromatic
incident infrared beam that is linearly polarized at 45◦ to the strain axis is passed
through the modulator, the intensity of the output light is given by [61]:

I (t) = [
Ip + Is + (Ip − Is) · cos(Φ0 · cos(γ · t))]/2 (21.4)
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where

• Ip: polarization of the light beam prior to the PEM, experimentally set to
p-polarized light, i.e. polarized so that the electric field is parallel to the plane
of incidence.

• Is : s-polarized light, i.e. polarized so that the electric field is perpendicular to the
plane of incidence.

• cos(γ · t): modulation frequency of the PEM.
• Φ0: constant that depends linearly on the amplitude of mechanical modulation of
the PEM.

PEM provides a high frequency modulation on the classical interferogram,
detected at the detector element. These two frequencies, interferometer and PEM
modulation, are separated by the dedicated electronics.

Choosing the condition of the maximum retardation between the polarized light
components (that occurs at one-half of the light wavelength), the PEM signal is
defined as:

�R/R = J2 · (Ip − Is)/(Ip + Is) (21.5)

where J2 are the Bessel functions of the first kind. The amplitude of the mechanical
excitation of the PEM crystal defines the points of the zero crossings of the Bessel
function. The appropriate setting for the amplitude depends on the experiment, i.e.
on the wavelength region of interest.

Figure21.6 shows the effects of the background and the spectrumafter the removal
of the background on the example of adsorbed phosphonic acid on oxidized Al
surface. The spectrum consists of the (P=O) stretching mode at 1227cm−1, the
asymmetric and symmetric stretching modes of the (P–O) at 1078 and 1004cm−1,
and the deformation mode of the (P–O–H) at 956cm−1. In the aliphatic region, the

Fig. 21.6 a Differential reflectance spectrum of [12-(4-Benzophenone)-dodecyl] phosphonic acid
monolayer on aluminum oxide surfaces. This spectrum exhibits IR absorption features of the sam-
ple and the Bessel function background. b Spectral features of the sample after removal of the
background
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spectral positions of the strong asymmetric and symmetric stretching modes of the
(CH2) at 2918 and 2850cm−1, respectively, indicate an ordered arrangement on the
surface.

After the measurement of the raw data (�R/R), the refinement of the spectra
typically requires the correction of the lock-in amplifier amplification factor and the
removal of the background that can be fitted by a polynomial algorithm or obtained
by the measurement of a clean metal substrate. In comparison to the infrared trans-
mission spectroscopy, PM-IRRAS spectra may exhibit spectral shifts and changes
of the full width at half maximum of the peaks.

IR ellipsometry (discussed in the next section) can as well benefit from the incor-
poration of the photoelastic modulator element, which allows for faster acquisition
times. The description of several PEM-based ellipsometric setup configurations can
be found, for example, in [62–64]. The mathematical description of the PEM-based
ellipsometers can be found in [65].

21.4 IR Spectroscopic Ellipsometry: IRSE

The major advantage of IRSE over other IR techniques is that in principle, it is
reference-free technique. Since IRSE analyzes the changes in the polarization state
of the beam upon transmission or reflection from the surface, the measurement of the
ellipsometric parameters tanΨ and �, or alternatively the real and imaginary parts
of the complex (pseudo)-dielectric function, defined in the Introduction chapter, does
not require a reference sample, as in all other IR techniques. In practice, however, the
absorption-like features specific to the investigated ultrathin films are better observed
on tanΨ and � spectra that are referenced to those of the bare unmodified substrate.
Similar to the ellipsometry in visible and UV spectral ranges, IRSE is an indirect
technique in a sense that it requires application of optical models in order to extract
the thicknesses and the dielectric functions of the measured materials. While the IR
bands do provide an immediate possibility to identify the molecular composition of
thin films, the thickness and the dielectric function of the thin films must be fitted
using optical models described in Chap.13.

Similar to transmission and reflection spectroscopies, IRSE is sensitive to amono-
layer coverage of the surface adsorbates [5].

IRSE can be performed in transmission, reflection and ATRmodes. This opens up
a possibility for characterization of different thin films deposited on both transparent
and metallic substrates. IRSE can be applied to flat and porous surfaces. As had been
discussed earlier in this chapter, porous surfaces are frequently employed in many IR
modes of operation for SNR enhancement. A comparative IRSE study of adsorption
of nitrobenzene and methyl groups on porous and flat Si surfaces can be found, for
instance, in [9].

An instructive example of application of IRSE for the characterization of ultrathin
organic films on flat Si surfaces is the study of the one-step electrochemical process
by anodic decomposition of Grignard compounds that results in a direct grafting of

http://dx.doi.org/10.1007/978-3-319-75895-4_13
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molecules to Si surfaces [66]. In this process, the anodization is stimulated by the
creation of radicals near the surface, which are controlled by the charge flow. The
radicals R· are created (arising fromGrignard compounds) when an anodic current is
applied to the Si surface. The radicals react with the H-terminated Si(111) surface to
create a Si dangling bond and, subsequently, another radical R· available in solution
is able to react with this dangling bond to form a covalent Si–C bond. Interestingly,
the halogen in the Grignard reagent has been found to strongly influence the grafting
procedure, which affects the electronic properties (passivation) as observed for the
methyl- and the ethynyl-terminated Si(111) surfaces, respectively [66–68].

One of the noticeable examples that demonstrates high sensitivity of IRSE to
ultrathin films is the characterization of Si surfaces modified by methyl groups.
IRSE studies performed on CH3 and CD3 terminated Si surfaces (see Fig. 21.7)
clearly show a prominent vibrational band shift due to the isotopic substitution. IR
bands are observed in the tanΨ spectra at 980 and 1253cm−1 and are assigned to
the symmetric “umbrella” deformation (bending) mode of the methyl groups, i.e.,

Fig. 21.7 IRSE spectra (top: tanΨ , bottom: �) of methylated Si(111) surfaces after anodic treat-
ment in CH3–MgBr (dotted line) and CD3–MgI (solid grey line) Grignard solutions. The corre-
sponding IRSE spectra obtained from the H-terminated Si(111) surface served as the reference
data [66]
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Fig. 21.8 tanΨ spectra after anodic treatment in a H–C≡C–MgCl, b CH3–C≡C–MgBr, and
c C6H5–C≡C–MgBr referenced to the tanΨ spectrum of the H-terminated Si(111) surface. Please
note: (a′) anodic treatment in H–C≡C–MgBr has been added to the figure for comparison [67]

δs(CD3) and δs(CH3) [69, 70]. The spectra were referenced to the H-terminated
Si(111) surface in order to highlight the changes after the electrochemical grafting.
The positive upward–pointing band in the tanΨ spectra at 2083cm−1 indicates the
loss of the symmetric vibrational mode of Si–H surfaces species (νs(Si–H)) after
the grafting process. The infrared dynamic dipoles of the methyl groups are essen-
tially perpendicular to the surface since only the symmetric “umbrella” mode can
be observed in the spectrum (Fig. 21.7). Following Kramers–Kronig relations, the �

spectrum exhibits the respective bands due to the δs(CD3) and δs(CH3) vibrational
modes at the matching wavenumbers. The ability to access both parameters related
through the Kramers–Kronig relations is particularly critical in evaluation of the
optical constants of thin films [71]. The intensities of the C–H stretching modes of
methyl bonded to silicon are very weak, yet they are detectable with IRSE and other
IR-related spectroscopic techniques at a monolayer coverage [46, 69, 72, 73].

Although the methylated Si(111) surfaces strongly protect the surface against
Si oxidation and other undesired chemical reactions, they are not suitable for fur-
ther functionalization. Among potential candidates for this task that also provide a
complete coverage of Si(111) surfaces are the unsaturated organic species, such as
linear ethynyl or propynyl derivatives (–C≡C–R, with R=H, CH3). Functionaliza-
tion of Si surfaces by C≡C groups opens new reaction pathways for further organic
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modification of these surfaces by the introduction of functional groups through the
“click” chemistry [74]. Figure21.8 shows IRSE spectra obtained after the electro-
chemical grafting of ethynyl derivatives onto Si surfaces. Grafting of propynyl onto
Si(111) surfaces is characterized by a small IR absorption band at about 1100cm−1

that can be assigned to the –C≡C–C stretching vibrational mode [50]. The strong and
broad IR-absorption bands, from contaminations and the layer itself, are attributed
to symmetric and asymmetric stretching vibrational modes of ν(CH2) bands around
2870 and 2958cm−1, respectively [75]. The weak and broad absorption peak around
3300cm−1 that is assigned to the acetylenic C–H stretching modes in the –C≡C–H
unit [75, 76] appears only on the spectrum obtained from the Si(111) surfaces mod-
ified in H–C≡C–MgCl. Moreover, the stretching vibration of the ethynyl groups
ν(C≡C) at approximately 2046cm−1 is more distinguishable for the Si(111) mod-
ified by H–C≡C–MgCl [75, 77]. A weak band also appears at 1725cm−1 after
grafting of H–C≡C–. This band was described as related to the radical formation
in the THF (the Grignard solvent) in [75]. Two other bands that appear at 1450 and
1650cm−1 are assigned to the symmetric bending and stretching vibrational modes
of C=CH2 and C=C groups, respectively [75, 76]. All these features indicate the
formation of a polymeric layer for ethynyl-modified Si surfaces in H–C≡C–MgCl
solution. An attack of intermediate radicals on the grafted –C≡C–H species leads
to C–C, C=C and C≡C bonds in a polymeric layer [75]. However, exchanging the
halogen Cl atoms in the Grignard compound by Br atoms leads to a very thin poly-
meric layer under the identical experimental conditions [78]. Therefore, the halogen
atoms present in the Grignard reagents play an important role in the grafting process.

Proper optical modeling and fitting of the IRSE data provides the information
on the thickness and the complex dielectric function of the investigated thin films.
This in turn enables one to address the anisotropy of the grafted organic mate-
rial, such as for instance the anisotropy related to the orientation of self-assembled
monolayers onvarious surfaces [79, 80]. IRSE investigations of thinfilmsof benzene-
diazonium derivatives electrochemically grafted on various surfaces is one exam-
ple where the determination of order and orientation in organic monolayers was
successfully attempted. These studies have unequivocally shown that benzenedia-
zonium molecules are isotropically distributed on the surfaces, with no particular
order due to the tendency of the radicals to polymerize during the electrochemi-
cal process [6, 9]. On the other hand, examples of IRSE studies of molecular tilt
in anisotropic films include, among the others, investigations of the molecular ori-
entation in octanedithiol and hexadecanethiol (HDT) monolayers on GaAs and Au
surfaces [81], or the changes in orientation of 2-[4-(N-dodecanoylamino)phenyl]-
5-(4-nitrophenyl)-1,3,4-oxadiazole Langmuir–Blodgett films on gold surfaces upon
annealing [7]. Figure21.9a shows the results of the fitted IRSE spectrum obtained
from HDT monolayer on gold surface that suggested molecular tilt of 22.5◦ to the
surface normal. Figure21.9b shows the simulated tanΨ spectra for molecular tilt
ranging from 12◦ to 42◦. The molecular geometry along with the molecular dipole
moments, νas and νss , the asymmetric and symmetric stretching vibrations, are shown
in Fig. 21.9c.
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Fig. 21.9 a Simulated (black) and measured (gray) tanΨ spectra of a HDT monolayer on Au sur-
face. The incidence angle was set to 65◦. b Simulations for tilt angles from 12◦ to 42◦. c Schematic
representation of the molecular geometry. Reprinted with permission from [81]: D.M. Rosu,
J.C. Jones, J.W.P. Hsu, K.L. Kavanagh, D. Tsankov, U. Schade, N. Esser, andK. Hinrichs, Langmuir
25, 919 (2009). Copyright 2009 American Chemical Society

IRSE examples provided in this section highlight the high sensitivity of this
method to thin organic films. IRSE is a useful technique for addressing molecu-
lar composition and orientation of organic layers. Application of optical models and
spectral simulations frequently help to verify the optical constants in the IR spectral
range along with the film thickness and molecular composition [71, 82].

21.5 Summary

IR spectroscopy is an essential tool for characterization of thin organic layers. This
chapter highlighted the versatility of modes of operation that can be employed to
address molecular composition and structure of modified surfaces. Careful observa-
tion of spectral shifts due to a certain surface modification can help to address the
nano-composition of thin films, such as in the case of nanopatterned surfaces where
absorption bands due to Si–H bonds shift in response to the nature of the nearest-
neighbor bonds [45]. IR spectroscopy is a useful tool in characterization ofmulti-step
surface functionalization, where a careful control over the surface reactions is crit-
ical for the final device quality [4]. Proper choice of the IR mode of operation and
experimental conditions is necessary in order to optimize the SNR. In specific cases,
application of optical models and density-functional theory (DFT) calculations [83]
is helpful for understanding the spectra obtained from novel materials.
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Chapter 22
Brilliant Infrared Light Sources
for Micro-ellipsometric Studies
of Organic Thin Films

Michael Gensch

Abstract Micro-ellipsometric studies in the infrared spectral range are of increasing
interest in particular for the determination of the optical constants of organic films
and multilayers as in these cases the composition, thickness or roughness often
vary on micro- and mesoscopic length scales. In cases where the aforementioned
properties change across the probed spot, the degree of polarization of the reflected
beam is deteriorated and sophisticated models have to be employed to derive the
optical constants or other parameters from the determined ellipsometric angles. The
achievable spot size in an ellipsometric set-up is now limited by the necessity of
performing a specular reflectance measurement with a reasonably defined angle. In
the optimal case the infrared radiation can be focused to near diffraction limited spot
sizes with opening angles in the incoming beam of less than 7◦. In other words such
an experiment turns out to be limited by a source property that is typically called
brilliance or brightness and makes the technique particularly suited for the use of
accelerator based infrared sources such as 3rd generation synchrotron storage rings.
The current status of such activities will be reviewed on the example of different
pilot experiments. An outlook on future developments will also be given.

22.1 Introduction

Infrared spectroscopic ellipsometry (IRSE) has seen enormous progress in terms
of sensitivity and data acquisition times over the past 30years. While measurements
of bulk properties [1] could in the early days easily require data acquisition times
of one hour or more, today ultra-thin organic films on the few Angstrom scale can
be measured within less than 30min. Modern day infrared ellipsometers thereby
enable routine measurements of optical constants on timescales that even allow
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implementation of IRSE as a monitor for surface and interface dynamics e.g. dur-
ing the deposition or growth of monomolecular films. These advances have been
achieved by utilizing the vast progress in detector technology, infrared optical com-
ponents and FTIR spectrometers over the past 10–15years. Prototype instruments
have been continuously improved and meanwhile even commercialized.

One additional important development was the combination of IRSE with broad
bandbrilliant light sources based on synchrotron radiation fromstorage ring facilities,
which started in the mid 1990s. These accelerator based sources provide broad band
infrared radiation generated by relativistic electrons with more than 3 orders of
magnitude larger brilliance than available from the conventionally used globar or
Hg arc lamps (see [2, 3] and references therein). This exceptionally high brilliance
allows combining the sensitivity and spectral resolution of modern day IRSE with
a spatial resolution down to length scales of only 10 times the wavelength [4–7].
The Microfocus-mapping ellipsometer at BESSYII thereby extends the range of
imaging ellipsometry techniqueswhich previouslywhere only available in the visible
spectral range (see [8] and references therein). In the following, a brief overview of
the developments of synchrotron based infrared micro-ellipsometry set-ups is given,
then different successful applications of the techniques are discussed and finally an
outlook on future developments is presented with a special emphasis on the potential
of alternative sources of yet even more brilliant broad band infrared radiation.

22.2 Infrared Synchrotron Beamlines for Spectroscopic
Ellipsometry Applications

One crucial parameter in a micro-focus ellipsometric experiment is the so called
brilliance or brightness of the infrared source. The term brilliance or brightness
essentially defines the property of a source to have its emitted flux F concentrated by
beam optics onto a small area [9]. Fundamentally, it can be shown that the product of
the angular divergence of a beam �θ and the beam size �x is a constant for a source
with a given Brilliance and cannot be improved by optics. The exact definition of
brilliance B = (const F)/((�θx�x)(�θy�y)) thereby defines the number of pho-
tons that can reach a unit sample area in a unit time and should ideally be as large as
possible in a micro-ellipsometric experiment. In infrared spectroscopic ellipsometry
the common consensus is that the divergence of the beam focused onto the sample
should not exceed a value of �θ < 3.5◦ (see e.g. [10]). This fundamental constraint
to only moderately focusing optics together with the poor brilliance of conventional
table top sources of mid infrared radiation makes infrared ellipsometric measure-
ments of samples/sample areas of only a few mm2 a so called “brilliance-limited”
experiment. When using standard broad band infrared sources such as globars or Hg
arc lamps ellipsometric measurements require unacceptably long acquisition times
or become even unfeasible for small samples/sample areas.
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As early as 1982, W. Duncan and G.P. Williams discussed infrared synchrotron
radiation from synchrotron storage rings for the first time as broad band infrared
sources of exceptional brilliance [11]. Early work focused on the use of the high
brilliance for employing infrared synchrotron radiation for RAIRS measurements in
gracing incidence of surface layers on metallic surfaces and IR microscopy. But in
1997 the group of Manual Cardona [12] eventually implemented a first real ellipso-
metric set-up at an infrared synchrotron beamline at the storage ring at Brookhaven
National laboratory. This instrument was not aiming at micro-ellipsometric mea-
surements in the mid-infrared but at the investigation of bulk solid samples in the
far-infrared or low THz frequency range. It has been extremely successfully used
to investigate the far infrared optical properties mainly of various correlated solids
and meanwhile a further improved set-up of a similar kind has been taken into oper-
ation at the Angstroem Quelle Karlsruhe (ANKA) in Karlsruhe/Germany. A dif-
ferent approach was taken at the Berlin Synchrotron Storage Ring (BESSYII) in
Berlin/Storage ring, where a collaboration of institutions from the analytical and bio-
analytical chemistry community initiated the development of a micro-focus mapping
ellipsometer working in the mid-infrared spectral range and targeting investigations
of thin and ultra-thin organic films [4–7]. This set-up shown in Fig. 22.1a allows
scanning an area of 50 by 50mm with lateral resolution of down to 100µm and a
spectral range between 2.5–30µm (4000–333cm−1/133–10THz).

Although the brilliance advantage of infrared synchrotron radiation of more than
two orders of magnitude is partially diminished by the increased noise due to source
instabilities intrinsic to all accelerator based sources [13] the infrared ellipsomet-
ric set up at BESSY II provides an enormous improvement of the sensitivity of

Fig. 22.1 a Schematic of the microfocus mapping ellipsometer at the infrared beamline IRIS at
BESSY II. b Comparison of the spectra of a 1mm2 area of a 32nm polyimide film on silicon taken
by a standard globar source and the radiation from the IRIS beamline



508 M. Gensch

ellipsometry for small ultrathin organic film samples/sample areas (see Fig. 22.1b).
Since its commissioning in 2003 it has been used in the investigation of various
materials but mainly for the investigation of organic thin films. A selection of these
investigations is given below.

22.3 Applications

In the following, examples of thin organicfilmsamples investigated at themicrofocus-
mapping ellipsometer at BESSY II over the past 10years are presented and discussed.
It should be noted that the strength of the set up lies in its ability to investigate small
samples or small samples areas with monolayer sensitivity in a broad spectral range
in themid-infrared. This allows investigating lateral changes/differences in composi-
tion, anisotropy or thickness of the organic film or the organic to inorganic interface.

22.3.1 Mesoscopic Samples: Biosensors and Single Flake
Graphene

As mentioned above, the micro-ellipsometric set up at BESSY II allows scanning
of the infrared optical constants of few Angstroem thick layers for a sample area of
several 100mm2 with a spatial resolution in the 100µm regime. This turned out to
be a good opportunity to investigate the architecture of different sensor designs for
on-chip biosensors that consist of a sandwich of ultra-thin organic films on silicon
chip. One such mapping measurement is shown in Fig. 22.2.

Fig. 22.2 a tanΨ spectra at different spots of a biosensor and b schematic of the sensor geometry.
Adapted from [14]
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The eventual functionality of the sensor would require that specific target
molecules would bind covalently to the top “anchorlayer” and that bonding of tar-
get molecules to specific sites could be read out electronically. The “anchorlayer”
to the silicon substrate is thereby done via a monolayer of linker molecules. The
overall process of the preparation of the sensor involves several complex chemical
reactions involving a photo-electrochemical process to attach the linker molecules to
the substrate (see [14] for details). As can be seen in Fig. 22.2, microfocus-mapping
ellipsometry could readily establish the overall sensor structure and specific finger-
prints for the linker molecule and the peptide “anchorlayer” could be identified. This
could be used to map out the distribution of peptide and linker molecules across the
sensor. The result, shown in Fig. 22.3, let to the conclusion that the film thicknesses
within the sensor architecture, in particular that of the linker molecules varied.

This is a clear sign that the photo-electrochemical reaction of the linker molecules
with the surface coincides with competing side reactions (e.g. polymerization of
the linker-molecules with one another) and that the process needed to be further
optimized.

Another example where the microfocus-mapping proved to be very valuable has
been recent measurements of the infrared optical constants of single flake graphene.
These measurements are an excellent example for the technological importance of
micro-focus ellipsometry. Graphene has in the past 5years turned into one of themost
studied materials for its special electronic and optical properties. It can be nowadays
prepared in many different ways and lateral dimensions of several 10cm have been
achieved. However, the actual properties and the quality of the graphene sheets vary
and the most pristine and pure graphene samples to date are still derived from the
exfoliation technique. Typical dimensions of the by these technique prepared small
pieces, that are coined “flakes”, are of the order of few 100µm or less. A sample
size too small for conventional infrared spectroscopic ellipsometry but ideally suited
for microfocus-mapping ellipsometry with the set-up at BESSY II. The graphene
flakes investigated in this study were deposited onto a silicon wafer with a thermal
oxide layer of 98nm on top. As a result of the preparation procedure the different
single layer grapheneflakes are scattered alongside graphite andmulti-layer graphene
pieces across the surface. In a first step the graphene flakes need to therefore be
identified. A standard procedure here is imaging of the surface in the visible spectral
range where the graphene sheets give a sufficient contrast due to their extreme optical
properties. Afterwards the substrate was mounted into the micro-ellipsometer and
the surface was mapped in order to identify the exact location of the graphene flake
(see Fig. 22.4).

Finally the focus of the microfocus-mapping ellipsometer was optimized to the
size of the graphene flake and the conductivity of the graphene flakes and of the
graphite pieces were determined (see Fig. 22.5).
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Fig. 22.3 a Three-dimensional representation and contour plots of 6 mm × 6mm maps of the
amplitude of the ellipsometric parameter tan Ψ of b a linker band at 1288cm−1 and a peptide band
at 1547cm−1 of a biosensor sample after it had been incubated partially in a peptide solution. The
band amplitudes were determined for every spot as shown in the schematic (top). A resolution of
4cm−1 was used and the angle of incidence was 65◦. Adapted from [14]
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Fig. 22.4 Map of tanΨ at 2992cm−1 showing the two graphite flakes and the spot size (80/20
knife edge) and locations of the scans A and B. The inset shows a digital photograph of the graphite
flakes (middle and bottom) and the graphene flake (white outline) which is visible by eye. Scale bar
approximately 200µm [15]. Reprinted with permission from J.W. Weber, K. Hinrichs, M. Gensch,
M.C.M. van de Sanden, T.W.H. Oates, Appl. Phys. Lett. (2011), American Institute of Physics

The optical conductivity of the investigated graphene flake turned out to be very
similar to that of bulk gold. A comparisonwithmodel calculation allowed postulating
a Fermi energy of 2eV due to chemical doping and accumulated charge due to
atmospheric exposure [15].

22.3.2 Nano Patterned Films: Polymer Brushes

As a second important application of microfocus-mapping ellipsometry is the deter-
mination of film inhomogeneities/lateral changes in ultra-thin organic layers. This
shall be discussed in the following on the example of a special class of stimuli
responsive polymer films, so called polymer brushes (for details see also Chap.6).
The name “brush” thereby stems from the fact that in this case the polymer chains
are grafted to the solid substrates with one end at a sufficiently high density so that
the polymer chains adopt a stretched conformation. Polymer brushes can now be pre-
pared as uniform, patterned or gradient films and furthermore can be designed such
that they respond to an external stimuli. In the presented example a polyelectrolyte
brush made up from polyacrylic acid (PAA) chains of a length of roughly 3nm was
investigated that exhibits a response to the pH of a solution. In brief the PAA brushes
show a swelling behavior when exposed to higher pH values. The underlying process

http://dx.doi.org/10.1007/978-3-319-75895-4_6
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Fig. 22.5 Real (top) and
imaginary (bottom) parts of
the dielectric functions of the
graphene flakes (thick solid
black lines) and graphite
flakes (thin solid red lines)
measured at positions A and
B, respectively. Also shown
are the measured curves for
gold (green line). The inset
shows a zoomed region
comparing the thin graphite
and bulk HOPG (dashed
blue line) curves. Reprinted
with permission from J.W.
Weber, K. Hinrichs, M.
Gensch, M.C.M. van de
Sanden, T.W.H. Oates, Appl.
Phys. Lett. (2011), American
Institute of Physics

here is a dissociation of the carboxylic groups that leads to conformational changes
due to osmotic pressure and repulsive forces between the fully ionized carboxylic
groups (for details see [7] and references therein). In the presented example one
part of the PAA brush was immersed in a KOH solution with a pH of 10. Thereafter
micro-ellipsometricmeasurementswere taken at different points across the generated
chemical phase boundary.

It can clearly be seen in Fig. 22.6 that the ellipsometric measurement is sensitive
enough to detect the chemically different states in the ultrathin films. Meanwhile,
the ellipsometric set up that allows investigating such minute changes in the infrared
optical properties of ultra-thin films on surfaces also allows investigating liquid-solid
interfaces as can be seen in Fig. 22.7 [16]. This now opens up the opportunity to
study surface chemical reactions in solution with a spatial resolution of few hundred
micrometers.
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Fig. 22.6 (Continued)
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� Fig. 22.6 a Ellipsometric parameters tanΨ and� of a 3nm thin polyacrylic acid brush film during
the switching experiment obtained with 2mm steps at 69◦ angle of incidence. Black: spectra from
the nondipped area; grey: spectra from the dipped area of the sample. b A schematic drawing (top
view) of the sample and the performed scan. c A mapping chart of the integrated tanΨ IR band
intensities from panel (a) normalized to the highest signal of each band. d Chemical reaction and
peak assignments upon the PAA brush treatment with KOH solution (pH 10). Abbreviation “Col”
refers to the scanned column [7]. Reprinted with permission from K. Roodenko, Y. Mikhaylova,
L. Ionov, M. Gensch, S. Minko, U. Schade, K.J. Eichhorn, N. Esser, K. Hinrichs, Appl. Phys. Lett.
92, 103102 (2008). American Institute of Physics

Fig. 22.7 Four point “map”
of a PAA-b-PS/PEG brush
sample. Spectra show the
ratio of spectra at pH 10 and
pH 2. Increasing amplitudes
of COO– bands and the
decreasing amplitude of the
COOH band are highlighted
[16]. Reprinted with
permission from D. Aulich et
al., Phys. Status Solidi C 7,
197 (2010). Copyright 2010,
Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim

22.4 Summary and Outlook

Infrared spectroscopic ellipsometry has become an established technique at infrared
synchrotron beamlines. The opportunities for the investigations of ultrathin organic
films lie in the capability to determine minute changes in the infrared optical prop-
erties of ultra-thin films simultaneously in a wide spectral range and in sophisti-
cated sample geometries. Since ellipsometric set-ups at multi user facilities require a
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relatively high degree of expertise for recalibrating and maintaining the instruments,
permanent installations are typically initiated and run by expert user groups rather
than the support groups of the storage ring facilities itself. Presently three instruments
are installed permanently at infrared synchrotron beamlines at Brookhaven National
Lab [17], ANKA [18] and BESSYII [2]. Of these only one focuses primarily on
organic thin film samples [6]. It should be noted that infrared synchrotron beam-
lines are not the primary focus of 3rd Generation synchrotron storage rings. These
large scale facilities are specially developed for X-ray applications, and many of the
current technological developments and upgrades to improve the X-ray beam qual-
ity at these storage rings are not favorable for infrared spectroscopic applications.
Without going into details here, it can in general be said the infrared synchrotron
beamlines and with them the infrared ellipsometric set-ups are best suited for lower
energy, higher beam current storage ring facilities. The most recently opened facili-
ties aim for a further enhanced brilliance in the X-ray spectral range and are hence
high energy/lower current storage ring facilities. From this point of view it is arguable
whether further ellipsometric set-ups at 3rd generation storage ring facilities will be
installed in the near future. At the existing instruments it would be of interest to
make use of the intrinsic time structure of the infrared synchrotron radiation. Recent
work shows that this can in principle be done [13]. At the microfocus-ellipsometer
at BESSY II one could achieve a time resolution of roughly 50–70ps (given by the
duration of the emitted infrared pulses). Furthermore there are a number of new
unique types of infrared radiation sources, which have been established over the past
10years and that may open new avenues for micro-ellipsometric measurements in
the mid infrared. A selection of those is briefly discussed below. Note that the focus
lies on broad band infrared sources that are suited for spectroscopic ellipsometry,
while narrow bandwidth sources such as infrared gas lasers or free electron lasers
are omitted.

22.4.1 Femtosecond-Laser Based Broad Band Sources

Recently so called time-domainTHz/IR spectroscopy approaches have become avail-
able as a consequence of the development of robustly working femtosecond laser
systems (for details see e.g. [19]). In principle such a time-domain measurement
provides phase as well as amplitude information. Combined with polarization sen-
sitive detection several proof of principle measurements of the ellipsometric angles
from the lower THz to mid-infrared have recently been shown [20–22]. The main
application for these time-domain ellipsometric approaches should be seen in the
possibility of determining changes in the THz/infrared spectral range on femtosec-
ond timescales. The presently achievable signal-to-noise ratios are not competitive
with that of static FTIR based measurements and do not presently allow the inves-
tigation of ultrathin films. However, the generation process by difference frequency
mixing has an inherently better brilliance than globar sources and the future will
show whether improvement in laser technology will make these sources suitably
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Fig. 22.8 Sketch of the division of amplitude polarimeter (DOAP) approach developed at the
THz FEL FELBE that is insensitive to power fluctuations due to calculation of the ellipsometric
parameters tanΨ and � from 2 simultaneously measured intensity ratios (for details see [29]).
Reprinted with permission from M. Gensch et al., Joint 31st International Conference on Infrared
and Millimeter Waves and 14th International Conference on Terahertz Electronics 2006, IRMMW-
THz 2006, 18–22 Sept. 2006. Copyright 2006, IEEE

stable and robust for micro-ellipsometric investigations of ultra-thin organic films.
It should be noted that a time-domain micro-ellipsometry measurement intrinsically
allows achieving a Fourier limited time resolution given by the IR pulse duration in
the few 10 fs range.

22.4.2 Fourth Generation Broad Band IR/THz Light Sources

The next generation of accelerator-based IR/THz sources, which is currently under
development, benefits from recent progress in accelerator technology that allows
compressing electron bunches into the few 100 to even few femtosecond regime
[23–27]. Thereby these electron bunches emit synchrotron radiation in the THz and
even mid-infrared spectral range coherently, broad band and at unprecedented peak
and average power. Given the superior brilliance of these sources and coupled with
FT-IR spectrometers, microfocus-ellipsometric measurements may benefit tremen-
dously. Similar to the case of the femtosecond-laser based approach, ellipsometry
at a Fourth Generation IR/THz lightsource is intrinsically suited for time resolved
measurements in the femtosecond—picosecond range (e.g. [28]). However as for
the case of the femto-second laser based approaches the robustness and stability of
the fourth generation IR/THz lightsources has yet to be proven and/or the detection
schemes may have to be adapted.
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Single-shot ellipsometry approaches (see also Fig. 22.8), making use of polarizing
beamsplitters that have recently been tested with Quantum Cascade Laser (QCL)
lasers and at THz free electron lasers could turn out to be crucial developments (see
e.g. [29, 30]).
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Chapter 23
Common Polymers and Proteins

Andreas Furchner and Dennis Aulich

Abstract The optical constants n and k are important material properties necessary
for interpreting ellipsometric spectra of novel, complex, microstructured, or mixed-
material systems. This appendix provides thin-film optical constants of commonly
used polymers and proteins.

Interpretation of ellipsometric measurements on novel materials requires a strong
correlation between an optical model and the sample’s material properties. When
new materials, such as microstructured organic films or mixtures made from dif-
ferent materials, are analyzed, it is helpful—and often necessary—to have at hand
ellipsometric thin-film data of the initial components. This appendix is intended to
support the reader with the optical constants n and k of some widespread organic
materials in thin films between several nm and µm. The focus of this chapter lies
on materials used for functional films like responsive polymer brushes, functional
coatings, etc. Additionally, optical constants of some thin protein films are given.
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PBA, PS, and P2VP [poly(tert-butyl acrylate), poly styrene, and poly(2-vinyl-
pyridine)]

Fig. 23.1 Optical constants
n (top) and k (bottom) of
several 10nm thick
spincoated PS, PBA, and
P2VP films on gold-coated
glass substrates. Data from
L. Ionov, A. Sidorenko,
K.-J. Eichhorn, M. Stamm,
S. Minko, K. Hinrichs,
Langmuir 21, 8711 (2005)

PGMA [poly(glycidyl methacrylate)]

Fig. 23.2 Optical constants n (black) and k (gray) of a 105nm thick PGMA film on gold-coated
glass substrate. PGMA (molecular weight Mn = 17 500g/mol, Mw/Mn = 1.70) was deposited by
spincoating 0.02 wt% PGMA in CHCl3 solution with subsequent annealing at 100 ◦C in a vacuum
oven for 20min. Data from A. Furchner, E. Bittrich, P. Uhlmann, K.-J. Eichhorn, K. Hinrichs, Thin
Solid Films 541, 41 (2013)
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PNIPAAm [poly(N-isopropyl acrylamide)]

Fig. 23.3 Optical constants
n (black) and k (gray) of a
132 nm thick PNIPAAm film
on gold-coated glass
substrate. PNIPAAm
(molecular weight
Mn = 94 000g/mol,
Mw/Mn = 1.27) was
deposited by spincoating a
PNIPAAm solution in
tetrahydrofuran (1 wt%) with
subsequent rinsing with
ethanol. Data from
A. Furchner, E. Bittrich,
P. Uhlmann, K.-J. Eichhorn,
K. Hinrichs, Thin Solid
Films 541, 41 (2013)

PnBMA and PVC [poly(n-butyl methacrylate) and polyvinyl chloride]

Fig. 23.4 Optical constants n (top) and k (bottom) of 100nm thick PnBMA and PVC layers on
gold-coated glass substrates. Data from K. Hinrichs, K.-J. Eichhorn, Spectrosc. Eur. 19(6), 11
(2007)
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PHOSt and PMAdMA [Poly(4-hydroxystyrene) and poly(methyladamantyl
methacrylate)]

Fig. 23.5 Chemical
structures of PHOSt and
PMAdMA. These polymers
were investigated for their
optical properties by Kang et
al. (see Fig. 23.6). Partly
adapted with kind permission
from B.D. Vogt, S. Kang,
V.M. Prabhu, E.K. Lin,
S.K. Satija, K. Turnquest,
W. Wu, Macromolecules 39,
8311 (2006), c©2006
American Chemical Society

Fig. 23.6 Refractive indices
n and extinction coefficients
k of PHOSt (dashed lines)
and PMAdMA (solid lines),
determined from multiple
spincoated sub-100nm thin
films on silicon and gold
substrates. Reprinted with
kind permission from
S. Kang, V.M. Prabhu,
C.L. Soles, E.K. Lin, and
W. Wu, Macromolecules 42,
5296 (2009), c©2006
American Chemical Society

Nylon 6 [polyamide 6]

Fig. 23.7 Optical constants
n (solid line) and k (dashed
line) for nylon 6 on glass.
The values were determined
by the analysis of films with
thicknesses ranging from 5
to 100nm. Adapted with
kind permission from
H.G. Tompkins, T. Tiwald,
C. Bungay, A.E. Hooper,
J. Phys. Chem. B 108, 3777
(2004), c©2004, American
Chemical Society
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PI (Polyimide): PI2611 [poly(biphenyl dianhydride-p-phenylenediamine)]

Fig. 23.8 Anisotropic optical constants kxy , nxy (in-plane) and kz , nz (out-of-plane) of a
1.81 µm thick spincoated polyimide layer (PI2611 [BPDA-PPD, poly(biphenyl dianhydride-p-
phenylenediamine)]) on silicon substrate. Data from K. Hinrichs, K.-J. Eichhorn, Spectrosc. Eur.
19(6), 11 (2007)

Silicone CV-1144-O [poly(dimethyl-co-diphenyl siloxane)]

Fig. 23.9 Infrared optical constants of CV-1144-O silicone from spincoated 100nm thick silicone
films on optically thick gold films on silicon substrates after 7-days curing. With kind permission
from C.L. Bungay, T.E. Tiwald, D.W. Thompson, M.J. DeVries, J.A. Woollam, J.F. Elman, Thin
Solid Films 313–314, 713–717 (1998), c©1998, Elsevier, and from L. Yan, X. Gao, C. Bungay,
J.A. Woollam, J. Vac. Sci. Technol. A 19(2), 447–454 (2001), c©2001, American Vacuum Society



23 Common Polymers and Proteins 527

Bacteriorhodopsin

(a) (b)

Fig. 23.10 In-plane (solid lines) and out-of-plane (dashed lines) extinction coefficients k (left) and
refractive indices n (right) of a bacteriorhodopsin monolayer deposited by Langmuir–Blodgett film
preparation on gold-coated mirrors and on CaF2 plates. With kind permission from D. Blaudez,
F. Boucher, T. Buffeteau, B. Desbat, M. Grandbois, C. Salesse, Appl. Spectrosc. 53(10), 1299
(1999), c©1999, Society for Applied Spectroscopy

Fibrinogen

Fig. 23.11 Refractive index
n (solid line) and extinction
coefficient k (dashed line) of
a 4.54nm thick Fibrinogen
layer on gold substrate. With
kind permission from
H. Arwin, Thin Solid Films
519, 2589–2592 (2011),
c©2011, Elsevier



Chapter 24
Organic Materials for Optoelectronic
Applications

Andreas Furchner and Dennis Aulich

Abstract Material characterization in thewidefieldof optoelectronics often involves
ellipsometric measurements. A deep knowledge of the sample properties, including
anisotropy, is required for successful material analysis via optical modeling. This
appendix provides thin-film optical constants n and k for commonly used organic
materials used for transparent electrodes, solar cells, etc.

This chapter gives an overview on the optical constants n and k ofmaterials with rele-
vance for technical applications, for example, transparent electrodes, solar cells, and
optoelectronics in general. The overview focuses on basic, mostly mono-component
materials with thickness-independent optical constants. For the optical properties of
blend materials, that is, mixtures of two or more components at different volume
fractions, and for materials with thickness-dependent optical properties, the reader
is referred to the wide literature on these subjects. An example for blend films are the
two organic-photovoltaics materials PCBM and P3HT studied by S. Engmann et al.,
Adv. Energy Mater. 1, 684 (2011). Polyaniline is an example for strongly thickness-
dependent optical constants, see H.A. Al-Attar et al., Thin Solid Films 429, 286
(2003). It becomes apparent that the ellipsometric determination of organic-thin-
film optical constants can benefit from input parameters obtained from theoretical
calculations by means of density functional theory, see, for example, R. Lovrinčić
et al., J. Phys. Chem. C 116, 5757 (2012).

The following list comprises the publications in which the original graphs, data,
and pictures presented in this chapter can be found:

1. D. Wynands, M. Erber, R. Rentenberger, M. Levichkova, K. Walzer, K.-J. Eich-
horn, M. Stamm, Org. Electron. 13, 885 (2012), c©2012, Elsevier.
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DCV6T [α,ω-bis-dicyanovinylene-sexithiophene derivative DCV6T-Bu(1,2,5,6)]

Fig. 24.1 Anisotropic optical constants n (green) and k (red) of a 116nm thick DCV6T layer
deposited on an interference-enhanced silicon substrate with 964nm SiOx , before annealing (left)
and after annealing (right) at 90 ◦C for 120min. The DCV6T thin film was prepared by thermal
vacuum-deposition in a vacuum chamber with a base pressure of about 10−8 mbar. Reprinted,
with permission from Elsevier, from D. Wynands, M. Erber, R. Rentenberger, M. Levichkova,
K. Walzer, K.-J. Eichhorn, M. Stamm, Spectroscopic ellipsometry characterization of vacuum-
deposited organic films for the application in organic solar cells, Org. Electron. 13, 885–893 (2012).
c©2012, Elsevier
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PArPs [Poly(arylenephenylene) polymers]

Fig. 24.2 Poly(arylenephenylene) polymers investigated for their anisotropic optical properties by
Losurdo et al. (see Fig. 24.3). Reprinted with permission from M. Losurdo, M.M. Giangregorio,
P. Capezzuto, G. Bruno, F. Babudri, D. Colangiuli, G.M. Farinola, F. Naso, Macromolecules 36,
4492 (2003). c©2003, American Chemical Society

Fig. 24.3 In-plane and
out-of-plane refractive
indices n and extinction
coefficients k for thin films
of poly(arylenephenylene)
polymers 1–5 (see Fig. 24.2)
spin coated on glass
substrates. Reprinted with
permission fromM. Losurdo,
M.M. Giangregorio,
P. Capezzuto, G. Bruno,
F. Babudri, D. Colangiuli,
G.M. Farinola, F. Naso,
Macromolecules 36, 4492
(2003). c©2003, American
Chemical Society
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PEDOT:PSS [poly(3,4-ethylenedioxythiophene)–poly(4-styrenesulfonate)]

Fig. 24.4 Uniaxial
anisotropic refractive indices
n j and extinction
coefficients k j parallel
(ordinary, j = ‖) and
perpendicular (extraordinary,
j = ⊥) to the surface plane
of thin PEDOT-PSS films,
determined from multiple
samples. Reprinted from
L.A.A. Petterson, S. Ghosh,
O. Inganäs, Optical
anisotropy in thin films of
poly(3,4-
ethylenedioxythiophene)—
poly(4-styrenesulfonate),
Org. Electron. 3, 143–148
(2002). c©2002, with
permission from Elsevier

PFO [poly(9,9-dioctylfluorene)]

Fig. 24.5 Chemical
structure of PFO [poly(9,9-
di-octyl-fluorene)]
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Fig. 24.6 Ordinary (solid
line) and extraordinary
(dashed line) complex
refractive indices
N = n + iκ for spin coated
PFO, determined with
interference-enhancement
variable angle spectroscopic
ellipsometry. With kind
permission from
M. Campoy-Quiles,
P.G. Etchegoin,
D.D.C. Bradley, Synth. Met.
155, 279–282 (2005).
c©2005, Elsevier B.V

Polyfluorenes F8BT, PFB, and TFB [poly(9,9′-dioctylfluorene-co-benzothiadia-
zole), poly(9,9′-dioctylfluorene-co-bis-N ,N ′-(4-butylphenyl)-bis-N ,N ′-phenyl-
1,4-phenylenediamine), and poly(9,9′-dioctylfluorene-co-bis-N ,N ′-(4-butyl-
phenyl)diphenylamine)]

(a) (b)

(c)

Fig. 24.7 Chemical structures of (a) F8BT, (b) PFB, and (c) TFB. These polymers were investi-
gated for their anisotropic optical properties byRamsdale et al. (see Fig. 24.8). With kind permission
from C.M. Ramsdale, N.C. Greenham, J. Phys. D, Appl. Phys. 36, L29 (2003). c©2003 IOP Pub-
lishing Ltd.
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(a)

(b)

(c)

Fig. 24.8 The ordinary (◦) and extraordinary (•) values for the refractive indices n (solid lines) and
extinction coefficients k (dashed lines) for unannealed (left) and annealed (right) spincoated films
of (a) F8BT, (b) PFB, and (c) TFB (see Fig. 24.7) on quartz substrates. The ordinary extinction
coefficients are extracted from UV—visible transmission measurements are also plotted (∇). With
kind permission from C.M. Ramsdale, N.C. Greenham, J. Phys. D, Appl. Phys. 36, L29 (2003).
c©2003 IOP Publishing Ltd.
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TDAF [ter(9,9-diarylfluorene)]

Fig. 24.9 Top: Chemical
structures of the
ter(9,9-diarylfluorene)s
TDAF 1 and TDAF 2.
Bottom: Ordinary and
extraordinary refractive
indices n and extinction
coefficients k of TDAF 1
determined from multiple
samples with film
thicknesses between 30 and
200nm. Reprinted with
permission from H.-W. Lin,
C.-L. Lin, H.-H. Chuang,
Y.-T. Lin, C.-C. Wu et al., J.
Appl. Phys. 95(3), 881–886
(2004). c©2004, American
Institute of Physics

Spiro-octo-1 and spiro-octo-2 [2,2′,4,4′,7,7′-hexaphenyl-9,9′-spirobifluorene and
2,2′,4,4′,7,7′-hexakis(biphenyl-4-yl)-9,9 ′-spirobifluorene]

Fig. 24.10 Optical constants
n (top) and k (bottom) of
133 nm thick spiro-octo-1
(black) and spiro-octo-2
(gray) films on silicon
substrate. The films were
deposited by organic
molecular beam deposition.
Data from S.D. Silaghi,
T. Spehr, C. Cobet,
T.P.I. Saragi, C. Werner,
J. Salbeck, N. Esser, J. Appl.
Phys. 103, 043503 (2008)
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5,10,15,20-tetraphenyl porphyrins H2TPP, CoTPP, NiTPP

Fig. 24.11 Optical constants
n (black) and k (gray) of
H2TPP (33 nm), CoTPP
(38 nm), and NiTPP (30 nm)
films on silicon substrate.
The films were deposited by
organic molecular beam
deposition in a vacuum
chamber with a base pressure
of about 10−8 mbar and
evaporation temperatures
between 200 and 225 ◦C.
Data from Pop et al. (S. Pop,
P. Kate, N. Esser,
K. Hinrichs, Tunable optical
constants of thermally grown
thin porphyrin films on
silicon for photovoltaic
applications, in preparation
(2013))
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Guanine [2-amino-1H-purin-6(9H)-one]

Fig. 24.12 Mid-infrared andVIS-UV in-plane and out-of-plane optical constants n and k of guanine
filmsprepared byorganicmolecular beamdeposition. Data fromK.Hinrichs, S.D. Silaghi,C.Cobet,
N. Esser, D.R.T. Zahn, Phys. Status Solidi B 242(13), 2681 (2005)

Ormostamp

Fig. 24.13 Optical constants
of 155nm Ormostamp on
silicon substrate determined
in the framework of
NIM_NIL, funded by the
European Community’s 7th
Framework Programme
under grant agreement
no. 228637, in cooperation
between Profactor GmbH,
SENTECH Instruments
GmbH, and Micro Resist
Technology
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Ultra-thin film, 64, 312
Ultra-thin film approximation, 396
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Uniaxial model, 54
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UV-VIS transmission, 371
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Van Der Pauw method, 290
Vibrations, 287
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