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Preface

For over 20 years, materials and device applications for flexible and stretchable
electronics have been developed by many universities and institutes including
industrial companies. This book aims to introduce them, spanning from his-
torical developments to novel device applications including device physics and
mechanisms of active device components. To cover all materials and device
components for application in medical and healthcare devices, which this book
aims to publish, renowned authors have been invited for their contribution
to each chapter. We hope that readers can learn not only fundamental device
mechanisms, but also novel technologies to realize nonconventional flexible
and stretchable electronics. The reason why it was decided to add fundamental
mechanism of the flexible devices although this book aims to introduce medical
application is because students and new comers to this field can also use this
book to study flexible and stretchable electronics. Although a lot of research and
developments have been conducted all over the world, innovative breakthrough
using the technology is yet to be realized. In moving toward the realization of
breakthrough in this field, new ideas from students and new comers are very
important to integrate the concepts and technologies introduced in this book.
Of course, since this is aimed at medical and healthcare applications, we hope
that experts such as doctors, clinical nurse, and medical/healthcare device
developers also take a look at this book to understand the currently available
technologies. By taking the latest knowledge and understanding as well as the
state-of-the-art medical/healthcare devices, it will be our pleasure if any collab-
oration between them could lead to developing more practical and useful tools.
This book may be able to help many engineers and researchers who are involved
in materials science, electrical engineering, mechanical engineering, chemistry,
medical/neuroscience, and so onto create unconventional ideas from inflexible
electronics into flexible electronics. However, since this book covers many
fields ranging from materials and device components to device applications, the
detailed physics of the materials and devices could not be discussed. If there
is something interesting to the readers and if they wish to learn more deeply,
please also refer to other textbooks to support the fundamental mechanisms and
physics of the devices. This book probably can be a start-up textbook to learn
about fundamental flexible and stretchable devices and their applications.We
hope this will stimulate many researchers and students to contribute new ideas
and to create innovations in the field of flexible and stretchable devices.

xiii



xiv | Preface

Acknowledgments

Finally, I would like to thank all colleagues who agreed with contribution to write
the chapters and the Wiley-VCH editorial team to give me a great opportunity to
edit this exciting book.

October 2017 Kuniharu Takei
Osaka, Japan



History of Flexible and Stretchable Devices
Kuniharu Takei

Osaka Prefecture University, Department of Physics and Electronics, 1-1 Gakuen Nakaku, Sakai, Osaka
599-8531, Japan

Flexible devices such as transistors and transducers have been developed since
1990 by forming organic thin film or transferring inorganic thin film on plastic
substrates. From the 1990s to the early 2000s, flexible transistors and light emit-
ting diodes (LEDs) were mainly developed on a flexible substrate using organic
materials because organic materials are fundamentally mechanically flexible
compared to inorganic films and can be formed by using solution-based or evap-
oration processes on amorphous plastic substrates [1-4]. However, by utilizing
inorganic thin film transfer technique from a bulk wafer to another substrate that
was developed by Konagai et al. [5] and Yablonovitch et al. [6], inorganic-based
flexible devices have been also developed since 2000 [7-15]. During the early
stages of development of flexible electronics, the fundamental characteristics of
devices such as transistors and sensors with relevance to organic and inorganic
materials, their electrical characteristics, mechanical reliability, and bendability
were deeply studied [7-10]. Although the fundamental properties using similar
material systems as well as new material systems are still being investigated
[16, 17], the approach for flexible and stretchable electronics is now to develop
flexible and/or stretchable device applications [11-15, 17-34]. As device inte-
grations on flexible substrate, Rogers et al. developed a paper-like electronic
display using organic material-based active matrix backplane in 2001, which was
most likely the first demonstration of the material integration for flexible device
applications [4]. Following this development, Someya et al. demonstrated an
artificial electronic skin (e-skin) to detect pressure distributions similar to that in
human skin in 2004 [35], and in 2005, his group further developed a pressure and
temperature distribution sensing device using organic-based thin film transistors
(TFTs) for the active matrix backplane [36]. At the same time, thin film Si TFTs
were transferred from silicon-on-insulator (SOI) wafer to a flexible substrate,
which allows it to operate TFTs with high mobility and high stability in ambient
air [8, 10]. During the 2000s, one of the bottlenecks for flexible electronics using
organic materials as the active component was low performance and instability
in ambient air. However, subsequent to the demonstration of inorganic-based
TFTs, possibilities arose for inorganic material to be flexible electronics. Since

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.



2

1 History of Flexible and Stretchable Devices

the Si-based TFTs are a matured technique as the industrial standard for
Si-based integrated circuits (ICs), the properties of flexible Si-TFTs show a great
performance with a field-effect mobility of 180 cm?/Vs on a flexible substrate [8].
In 2008, Rogers et al. successfully fabricated a highly integrated digital circuit of
a four-bit row decoder using carbon nanotube networks as p-type transistors
[13]. After several developments of inorganic material formations, device
structures, and new organic materials, flexible transistors using both organic
and inorganic materials have displayed high potential for flexible electronics
due to improvements in their performance and stability. Using the platforms
of organic transistors and organic light emitting diodes (OLEDs), active matrix
OLED flexible display was demonstrated by Someya et al. [37]. In 2010, two
e-skin device demonstrations were reported at the same time by Bao et al. [19]
and Javey et al. [20]. Each e-skin has unique structures. The device reported by
Javey et al. has an inorganic nanowire array active matrix backplane to show
high flexibility and performance realized by nanowire printing technique [20],
and Bao et al. proposed a unique structure to detect tactile pressure with high
sensitivity [19]. The flexible and stretchable devices were then applied to medical
and neuroscience fields for implantation or in vivo experiments by utilizing their
flexibility [18, 38—40]. One interesting approach is to use the material such as silk
dissolved in water [18, 39]. This eventually allows it to use the sensors and curing
devices for the implantation, and it is not necessary to remove it after surgery
and curing because it is dissolved in the body, which helps to reduce medical cost
and patient load for re-surgery. Subsequent to these developments, many kinds
of flexible and stretchable device applications have been developed to date, such
as self-healing sensors [23], ultrathin flexible devices [41], photovoltaics devices
[30]. In addition, recently, fully printed, multifunctional, low-cost, wearable
flexible healthcare devices have been also reported by integrating with multiple
sensors for healthcare detections and human activity [42]. However, many
demonstrations were often focused on the sensor and transistor integration on
flexible and stretchable substrates, and there were still challenges toward moving
forward for realizing practical applications. The biggest problem of these devices
is how to realize signal processing circuits, wireless systems, and battery because
flexible transistors are not capable of building complicated circuits although
there has been significant improvements and developments from many groups.
To overcome this challenge, in 2016, Javey et al. demonstrated a hybrid system
integrating flexible chemical sensors and inflexible conventional ICs for signal
processing of the sensing results and a wireless system on a flexible printed
circuit film [34]. Furthermore, Rogers et al. also developed the battery-free
hybrid system to monitor health conditions wirelessly by integrating flexible and
stretchable antenna and chip-based circuits [43].

In this book, the fundamental physics of electrical components such as flexible
and stretchable transistors, memories, and sensors are first introduced to under-
stand the present status of the flexible and stretchable electronics including tech-
niques to fabricate the devices as emerging technologies. After understanding the
fundamental characteristics and techniques, medical and healthcare applications
using the flexible and stretchable device components are introduced. Especially,
skin-mounted healthcare devices, implantable medical devices, and neuroscience
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1 History of Flexible and Stretchable Devices

devices are discussed to show the insights into these flexible and stretchable
electronics. In addition to the device applications, nanosheet materials for the
practical medical and wearable sheets are also discussed (see Figure 1.1).
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2.1 Introduction

Unlike conventional microelectronics/nanoelectronics, whose emphasis is
miniaturization for improving processing speed and integration density, marcro-
electronics focuses on large-area and low-cost applications and new form factors
such as flexible and stretchable devices [1]. Electronic devices that are fabricated
on plastic or rubbery substrates such as flexible display, electronic paper,
smart packages, skin-like sensors, wearable electronics, implantable medical
implements, and many others, could radically change people’s perspectives on
electronics [2]. The development of those new forms of electronics relies largely
on the advancements in materials science. Over decades, amorphous silicon,
polysilicon, and organic semiconductors have been extensively studied as the
channel materials for thin-film transistors (TFTs), one of the key components
in macroelectronics [3]. In recent years, nanomaterials, including quantum dots
[4], one-dimensional carbon nanotubes (CNTs), and nanowires [5], as well as
two dimensional (2D) materials [6] have attracted numerous research interests
in this area because they offer significantly better performance than organic
semiconductors and are easier to process than a-Si or polysilicon. In particular,
CNTs hold great promise for high performance flexible electronics due to their
extremely high carrier mobility, superior mechanical flexibility, and stability [7].
A single-wall carbon nanotube (SWCNT) can be considered as a seamless
cylinder formed by rolling up a graphene sheet along a vector C, = na, + ma,,
where a, and a, are the basis vectors of the hexagonal crystal lattice of graphene.
The indices (1, m) define the two structural parameters, diameter and chirality,
of the nanotube. Theoretical calculations indicate that, depending on the indices,
the nanotube can have different electrical attributes—metallic for n—m equals
multiples of 3, and semiconducting for others. In addition, the bandgap of a semi-
conducting nanotube is known to be inversely proportional to its diameter [8].
The unique structure—property relation makes SWCNTs ideal candidates
for molecular electronic devices—for example, metallic nanotubes act as inter-
connects while semiconducting SWCNTs play the role of channel material for
field-effect transistors (FETs) [9]. Additionally, numerous studies have already

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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revealed that individual SWCNTs exhibit very exciting electronic properties,
which are well beyond their conventional material counterparts. For instance,
the current carrying capability of metallic SWCNTs can reach 10° A cm™
(much better than aluminum or copper) while semiconducting SWCNTs can
exhibit field-effect mobilities up to 10*cm?V~'s™! (far exceed silicon) [10].
Nevertheless, devices based on individual SWCNTs suffer from poor uniformity
and reproducibility, mainly due to difficulties in reliable synthesis of SWCNTs
with homogeneous structural attributes, as well as controllable assembly of
SWCNTs over a large area [7, 11]. In addition, novel fabrication methods
are needed to render the individual-SWCNT-based devices compatible with
current industrial manufacturing processes. On the other hand, macroscale
assemblies of SWCNTs, particularly random networks and thin-films, are
believed to enable the most realistic applications of SWCNTs in electronics in
the short term because they offer not only facile processing but also uniform
and reproducible performance due to ensemble averaging [7, 12]. Additionally,
SWCNT networks are especially suitable for flexible and stretchable electronics
because the lateral deformation of the curvy and entangled SWCNTs can
accommodate practically large strains [13]. In fact, there have already been lots
of studies demonstrating the great promise of SWCN'T networks as the channel
materials and/or electrodes in various types of flexible/stretchable electronic
devices, such as integrated circuits [14], sensors [13b, 15], organic light-emitting
diodes (OLEDs) [16], supercapacitors [17], touch panels [18], and so on.

The widely used strategies for preparing CNT networks and thin films are
summarized in Figure 2.1. Generally, they can be classified in two categories: dry
processes and solution processes [12]. Dry processes are mainly direct chemical
vapor deposition (CVD) growth and dry drawing from vertically aligned CNT
arrays [5a]. Direct CVD grown SWCNT films comprise ultralong nanotubes
bonded by strong interbundle connections [19], and thereby, possess excellent
conductivity, making them suitable for the electrode material of many functional
devices like super-fast actuators [24], stretchable supercapacitors [17], and strain
sensors [15c]|. However, the size of CVD furnaces limit the area of this kind of
SWCNT films to typically below 100 cm? [19]. Although dry drawing method
can, in principle, continuously produce CNT films with unlimited area [20], the
direct drawing of SWCNTs from vertical arrays has yet to be realized. Moreover,
since there is currently no effective method to grow structurally or electrically
homogeneous SWCNTs, the biggest disadvantage of CVD grown SWCNT films
is that the as-grown samples typically contain a mixture of CNTs with all types
of chirality and metallicity. Therefore, such samples cannot be used as channel
materials for transistors until the metallic conduction is eliminated by special
process such as electrical breakdown, stripe patterning, or dry filtration [14b, c].

On the other end of the spectrum lies the solution-based process, where
several methods have been reported including vacuum filtration [22], rod
coating [25], drop coating [14d, 21], and printing [23]. The solution process of
CNTs is enabled by successfully dispersing them in suitable organic solvents
or in aqueous solution with the assistance of certain types of surfactants [26].
SWCNT thin films obtained by vacuum filtration and rod coating have been
used for flexible, stretchable, and transparent electrodes [16b, 27], while printed
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Figure 2.1 Various methods for preparing carbon nanotube networks and representative
electronic applications. Dry process (a—d): (a) photograph of directly CVD grown freestanding
SWCNT thin film. (Ma et al. 2007 [19]. Reproduced with permission of American Chemical
Society.) (b) SEM image of CVD grown SWCNT network patterned into strips for channel
materials of flexible TFTs. (Cao et al. 2008 [14b]. Reproduced with permission of Nature
Publishing Group.) (c) Photograph of multi-wall carbon nanotube (MWCNT) thin films
obtained using a dry drawing process. (Jiang et al. 2011 [20a]. Reproduced with permission of
John Wiley & Sons.) (d) Schematics of dry filtration process to collect sparse SWCNT network
for flexible TFTs. (Sun et al. 2011 [14c]. Reproduced with permission of Nature Publishing
Group.) (e, f) Applications of carbon nanotube networks as flexible electrodes (e) (Feng et al.
2010 [18]. Reproduced with permission of John Wiley & Sons.) or channel materials for flexible
TFTs (f) (Wang et al. 2009 [21]. Reproduced with permission of American Chemical Society.).
Solution process (g—j): (g) photograph of SWCNT thin film produced by vacuum filtration.
(Reproduced from Ref. [22].) (h) Photographs of rod coated SWCNT films with different
transmittance. (Yu et al. 2011 [16b]. Reproduced with permission of John Wiley & Sons.)

(i) Time-dependent snapshot of SWCNT ink droplet during ink-jet printing process. (Okimoto
etal. 2010 [23a]. Reproduced with permission of John Wiley & Sons.) (j) Photograph of
wafer-scale SWCNT TFTs fabricated using drop coated SWCNT network. Insets: SEM image of
the SWCNT network and schematic illustration of the surface chemistry used. (Wang et al. 2009
[21]. Reproduced with permission of American Chemical Society.)

SWCNT networks have been demonstrated to act as both electrodes and
channel materials for TFTs [23a]. One key advantage of solution-based process
is low temperature and compatibility with various types of widely used polymeric
materials, thus enabling the low cost and large scale deposition onto various
flexible and stretchable substrates [7, 12b]. More importantly, through the

9
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solution process, it is possible to selectively assemble SWCNTs with the same
electronic type or chirality obtained by post-growth purification and separation
[28]. With the tremendous progress in SWCNT separation and purification,
semiconductor-enriched SWCNTs (sSSWCNTs) are now available in large quan-
tities [29], which enables the wafer-scale fabrication of sSSWCNT TFTs with high
yield and uniform performance [21]. The most significant advantage of using
sSWCNT networks for TFT application lies in the unique combination of supe-
rior flexibility/stretchability, optical transparency, and low-temperature solution
process, which are not possible with conventional polysilicon or amorphous
silicon platforms [3a, b]. In addition, compared with organic semiconductors,
sSWCNT networks not only offer drastically better air stability but also multiple
orders of magnitude improvements in carrier mobility [3c].

The realization of large area flexible/stretchable electronics also relies on the
innovations in manufacturing techniques. Conventional microfabrication pro-
cesses used in semiconductor industry is not desirable due to its high cost, limi-
tation in sample size, and restrictions in substrate material. Alternatively, printing
is a promising method with theoretically no restrictions in substrate material and
size [30]. In addition, as an additive process, printing produces minimum mate-
rial waste, and thereby, enables eco-friendly and cost-effective manufacturing.
Recently, several groups have reported printed flexible devices and circuits using
solution-processed SWCNTs, representing a viable way to large scale and low
cost flexible electronics based on SWCNTSs [23, 31].

In this chapter, we survey the recent progress on flexible and stretchable
electronics with SWCNT networks as either electrodes or channel materials.
This chapter is organized as follows. In Section 2.2, we briefly discuss progress
made on the high-performance flexible electronics with sSSWCNT networks as
channel semiconductors. Herein, five examples are presented, namely, flexible
TFTs, integrated circuits, flexible displays, electronic skins (E-skins), and X-ray
imager. For more detailed and systematic discussion of sSSWCNT-based flexible
electronics, readers are referred to the recent review papers covering this topic
[7, 32]. In Section 2.3, we highlight several applications of SWCNT networks in
stretchable electronics, including stretchable conductors and electrodes, sensors,
and TFTs. In Section 2.4, we focus on the recently developed fabrication process
that is most suitable for large-area flexible/stretchable electronics—printing.
The state-of-the-art development of fully-printed SWCNT-based TFTs and
integrated circuits are discussed in detail. Lastly in Section 2.5, we conclude with
the current challenges and future prospects in this area.

2.2 Carbon Nanotube Networks for Applications
in Flexible Electronics

2.2.1 Thin-Film Transistors (TFTs)

TFET plays a critical role in macroelectronics. As discussed previously, sSSWCNTs
are ideal candidates for the channel material of flexible TFTs because of the
unique combination of low temperature processing, mechanical compliance,
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optical transparency, and superior electrical property. Using high purity
sSWCNT solutions, Wang et al. obtained wafer-scale nanotube networks with
high density and uniformity [21], which subsequently enabled the fabrication of
TFTs and logical circuits on both rigid and flexible substrates [14d]. With the
assistance of suitable surface chemistry and by controlling the sSSWCNT depo-
sition time, the network density can be fine adjusted (as high as 65 tubes/um?),
which in turn determines the ultimate device performance (Figure 2.2a). Flexible
TFTs fabricated on such sSSWCNT networks exhibit p-type conduction with
on/off current ratio (I ,,/I,4) on the order of 10* when the channel length is above
10 pm (Figure 2.2b). In devices with channel lengths of 4 pm, on-current (I,,/ W)
and transconductance (g,,/W) reach 15 pA pm~! and 4 uS pm~1, respectively, at a
moderate voltage of 5V. Due to the trade-off between on/off ratio and transcon-
ductance, TFTs with large channel lengths (high I /I 4) are ideal for logical
circuits while the devices with short channel lengths (large g,,) are suitable for
analog and radio-frequency application. In addition, capacitance—voltage (C-V)
measurements are performed to precisely determine the gate capacitance which
in turn leads to an accurate assessment of the field effect mobility (y), with a
typical value of ~50 cm? V~! s7! (Figure 2.2b) [14d], similar to that of low temper-
ature polysilicon (LTPS) and much higher than those of amorphous silicon and
organic semiconductors. Furthermore, the use of ultrathin polyimide substrates
results in highly flexible TFTs and integrated logical circuits, including inverter,
NOR and NAND gates. Such devices and circuits exhibit excellent stability after
thousands of bending cycles with curvature radii down to ~1 mm (Figure 2.3).

2.2.2 Integrated Circuits

High-performance TFTs and integrated logical circuits have also been fabricated
using random networks of single-walled carbon nanotubes directly grown from
CVD methods. Compared with solution-process SWCNTs, CVD-grown SWC-
NTs often have longer tube length and cleaner surface, which are advantageous
for obtaining better carrier mobility owing to fewer inter-tube junctions and less
surface scattering. However, since roughly one third of the as-grown SWCNTs
are metallic, additional process are needed to suppress the metallic conduction
within the SWCNTs network. Cao et al. adopt strip patterning to reduce the
probability of percolative metallic pathways in the network and obtained tran-
sistors with 1, /I g as high as 10° without significant sacrifice in carrier mobility
(~80cm? V-1 s71) [14b]. Medium-scale integrated circuits were further demon-
strated on plastic substrates. Figure 2.4a,b present the optical image and transient
response of a 4-to-16 decoder comprising up to nearly 100 SWCNT TFTs. In
another report, Sun et al. fabricate TFTs and integrated circuits on transpar-
ent and flexible substrates using sparse networks of SWCNTs that are collected
from a CVD furnace with a dry filtration method [14c]. The TFTs exhibit field
effect mobility and 1,,/I g of 35cm? V=1 s7! and 10°, respectively. The high elec-
trical performance benefits from the long nanotube lengths (~10 pm) as well as
Y-type inter-nanotube junctions which have large contact area and thus low con-
tact resistance. The TFTs were subsequently assembled into a D-flip-flop whose
optical images and transient response are shown in Figure 2.4c,d, respectively.
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Figure 2.2 High performance TFTs using semiconducting carbon nanotubes (sSWCNTs).

(a) Schematics of TFTs on rigid (i) and flexible (ii) substrates. The SEM (iii) and AFM (iv) images
of the channel region are also shown. (b) Electrical characteristics of the flexible TFTs. (i) -V,
curves of transistors with different channel lengths; (i) TFT on/off current ratio as a function of
channel length; (i) normalized on-current and transconductance as functions of reciprocal
channel length; (iv) field-effect mobility, calculated based on C-V measurement (green), as a
function of channel length. Also shown are the mobility obtained using parallel plate model
(blue) and cylindrical model (red). (Wang et al. 2013 [7]. Reproduced with permission of Royal
Society of Chemistry.)
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Figure 2.3 Flexible logic gates using CNT-TFTs. (a) Optical image demonstrating the flexibility
of the circuits, where the sample is wrapped onto a glass tube with a diameter of 10 mm.

(b) Inverter voltage transfer characteristics (VTC) measured with a V; of 3 or 5 V. Inset shows
the schematic and the optical picture of the diode-loaded inverter. (c) Inverter VTC measured
while the circuit is bent to various curvature radii. Inset shows the inverter threshold voltage
and gain as a function of curvature radius. (d) Inverter durability under cyclic bending test,
showing stable performance for up to 2000 cycles. (e, f) Output characteristics of
diode-loaded 2-input NOR (e) and NAND (f) gates. V,, is 5V for both circuits. Insets are the
corresponding schematic and optical micrographs. (Wang et al. 2012 [14d]. Reproduced with
permission of American Chemical Society.)
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Figure 2.4 More sophisticated flexible integrated circuits using CNT-TFTs. (a) Optical image of a 4-to-16 decoder. (b) Transient response of the decoder. (Cao
et al. 2008 [14b]. Reproduced with permission of Nature Publishing Group.) (c) Optical images of a D-flip-flop. (d) Transient response of the D-flip-flop. (Sun
etal. 2011 [14c]. Reproduced with permission of Nature Publishing Group.)
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2.2.3 Active Matrix Backplanes for Flexible Display, E-Skin and Imager

Due to the superior electrical performance and mechanical robustness as well as
low-temperature solution process, sSSWCNT TFTs are excellent candidates for
active matrix (AM) backplane to drive various functional systems like flexible
organic light emitting diode (OLED) displays [33], E-skins [34] and X-ray imager
[34]. Figure 2.5 presents an example of flexible AMOLED displays where an
sSWCNT TEFT array is used as the AM backplane [35]. Each pixel is driven
by an individual sSSWCNT TFT that adopts an interdigitated source/drain
configuration to obtain a high output current. The drain electrode of the driving
TFT is connected to ITO pad that is sputtered as OLED anode. The emissive
layer and Al cathode are subsequently deposited by evaporation. Figure 2.5b—d
show the photographs of the single-color (green) and full-color (red, green
blue) flexible AMOLED displays under operation. The flexible AMOLED
display is further integrated with pressure sensitive rubber (PSR) to realize
a user-interactive E-skin [35]. In PSR, carbon black nanoparticles (CB NPs)

ITO electrode

Data line

Figure 2.5 Flexible AMOLED display using CNT TFT array as active matrix. (a) Left: photograph
of a completed flexible AMOLED display comprising 16 X 16 pixels driven by a CNT TFT

active matrix with a size of ~3 x 3.5 cm?; middle: optical micrograph of one pixel before
evaporating the emissive layer; right: SEM image showing the channel region of the CNT TFT.
(b) Photograph of a single-color (green) AMOLED display being fully turned on and at bent
state, demonstrating a yield, defined as the fraction of lighting pixels, of >97%. The voltages
applied to the scan and data lines are —5 and 10V, respectively. (c, d) Photograph of a full-color
(red, green, blue) AMOLED display with all pixels being turned on and at flat (c) and bent

(d) states. (Wang et al. 2013 [35]. Reproduced with permission of Nature Publishing Group.)
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Figure 2.6 User-interactive electronic skin (E-skin) using CNT-TFTs. (a) Left: schematic diagram showing the exploded view of one pixel, consisting of a
CNT-TFT, an OLED and a layer of PSR vertically integrated on a polyimide substrate; middle: circuit diagram of the active matrix user-interactive E-skin; right:
photograph of a working E-skin. The OLED pixels are turned on locally where the surface is touched and the light intensity reflects the magnitude of the
applied pressure. (b) Individual pixel comprising an OLED connected in series to a piece of pressure sensitive rubber (PSR): schematics of the circuit and device
structure (left), current-voltage curves under various magnitudes of applied pressure (middle), current and luminance as functions of applied pressure under a
bias of 10V. (d) Optical (middle) and electrical (right) readout from the E-skin system when an L-shaped PDMS slab is used to apply pressure onto the sample.
(Wang et al. 2013 [35]. Reproduced with permission of Nature Publishing Group.)
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are dispersed in rubber matrix as conductive fillers. The CB NPs are brought
closer to each other while the PSR is pressed, resulting in a resistance reduction
whose magnitude is dependent on the applied pressure. Consequently, the
luminance of an OLED can be tuned by the pressure applied on the PSR, as
shown in Figure 2.6b. In the integrated interactive E-skin shown in Figure 2.6,
the pixels can be turned on locally where the surface is touched (Figure 2.6a,
right) and the light intensity of the OLED qualitatively represents the magnitude
of the applied pressure, enabling both electrical readout and visual output of
the external stimuli with a high spatial resolution (Figure 2.6c). This example
represents a system-on-plastic demonstration where three distinct electronic
components—carbon nanotube TFT, OLED display, and pressure sensor—are
monolithically integrated over large area on a single piece of flexible substrate.
Substituting other sensors, such as chemical sensor, light sensor, and tempera-
ture sensor, for the pressure sensor used here could allow various functionalities
akin or superior to natural skins and find a wide range of applications in smart
robotics and security/health-monitoring devices. For instance, a flexible visible
light imager can be made by combining the sSSWCNT TFT backplane with a
flexible photodetector like the P3HT/PCBM bulk heterojunction demonstrated
in Figure 2.7 [34]. Similar to the E-skin discussed above, the basic idea is
connecting the sensor, the photodetector here, to the drain electrode of the
driving sSSWCNT TFT. The current is thus determined by the bit line and word
line voltages (pixel selection function) as well as the photodetector (sensing
element). Laminating a scintillator film (the GOS film in Figure 2.7c) over the
flexible AM visible light imager on the irradiation side can further transform
the device into a flexible X-ray imager. As shown in Figure 2.7f, the contour
of a T-shaped shadow mask can be readily recognized in the two-dimensional
intensity profile obtained by measuring the photocurrent of all pixels.

2.3 Carbon Nanotube Networks for Applications
in Stretchable Electronics

Mechanical flexibility by itself may not be sufficient for some applications. For
instance, a surface with nonzero Gaussian curvature like a sphere or an irregular
surface like the elbow could never be comformally covered with a system that
is only flexible [36]. Instead, stretchable electronics could fill in. One strategy to
realize stretchable devices is based on thin films of conventional bulk semicon-
ductors like Si and GaAs that are configured into wavy or buckling structures and
bonded on elastomer substrates [37]. However, this buckling method is rather
complicated to fabricate and may not be suitable for large area or mass produc-
tion. Alternatively, systems that are intrinsically stretchable can be built by using
organic materials or nanomaterials with relatively simple processes [38].
Because of the extreme aspect ratio, CNTs are naturally highly curved and
entangled in their macro scale assemblies, making them ideal materials for
stretchable electronics [38, 39]. In situ scanning probe microscopic observations
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Figure 2.7 Carbon nanotube TFTs enabled flexible active matrix optical and X-ray imagers. (a) Photograph of a flexible imager driven by CNT TFTs being bent.
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Chemical Society.)
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also reveal that, upon stretching and releasing process, CNTs form wavy
structures, either in plane or out of plane [13], that could accommodate further
deformations. Generally speaking, metallic nanotubes can be used as stretchable
interconnects and electrodes [13b, 16b, 17, 40] while semiconducting nanotubes
can take the role of channel materials for stretchable TFTs [14e, f, 34a]. In
the following section, we first discuss the CNT stretchable conductors and
their applications, and then shift focus to the stretchable transistors with
semiconducting carbon nanotubes as channel materials.

2.3.1 Stretchable Conductors

Thin films and networks of carbon nanotubes usually exhibit high optical
transparency, which provides additional advantages for the applications as
electrodes of stretchable electronic and optoelectronic devices [5a, 12b]. Lipomi
et al. fabricated highly stretchable and optically transparent electrodes by
spin coating SWCNT solutions onto polydimethylsiloxane (PDMS) substrates
(Figure 2.8) [13b]. The resistance change of the SWCNT/PDMS stretchable
conductors exhibits a unique strain-history-dependent behavior during the
initial stretching-releasing tests with progressively increasing strains, implying
the strain-dependent evolution of the microscale morphology of the SWCNT
network. Systematic electromechanical characterizations reveal that the
SWCNT/PDMS stretchable conductors can retain stable conductance after
10000 cycles of stretching with strains up to 25%. As an application, passive
matrix of transparent capacitive sensor arrays with the capability of strain and
pressure detection are further demonstrated by using the SWCNT/PDMS
stretchable conductors as electrodes.

Although CNT films embedded in elastomers are excellent materials for
stretchable electrodes, they are not the best choice for stretchable interconnects
that require not only good stretchability and conductivity but also easy process-
ing using direct writing or printing. In this regard, the composites consisting of
CNTs and suitable polymeric binders show great promise [39]. Large nanotube
lengths and uniform dispersion are desired to obtain composites with good
performance. Sekitani et al. fabricated printable SWCNT pastes by uniformly
dispersing super-growth SWCNTs in a fluorinated rubber with the assistance
of an ionic liquid and a high-pressure jet-milling process [40a, b]. Long and
fine SWCNT bundles form well-developed conducting networks in the rubber
matrix. As shown in Figure 2.9a, fine features of SWCNT stretchable conductors
can be patterned by screen printing. The conductivity and stretchability show
inverse dependence on SWCNT content—higher SWCNT load leads to better
conductivity but lower stretchability. The highest conductivity and stretchability
achieved are 102Scm™! (15.8wt% SWCNT) and 100% (1.4wt% SWCNT),
respectively. Further improvement of conductivity can be achieved by adding
metallic additives in the composite. Chun et al. synthesized hybrid composites
consisting of micrometer-sized silver flakes and multi-wall carbon nanotubes
(MWCNTs) decorated with self-assembled silver nanoparticles [40c]. Silver
nanoparticles (~3 nm) with phenyl rings are conjugated with MWCNTs via t—n
interaction to produce nAg—MWCNTs that are then mixed with silver flakes

21



22| 2 Carbon Nanotube Based Flexible and Stretchable Electronics

As-deposited Isotropic

Stretched

¢—————— Tension ——

Stretch-aligned

Relaxed Buckled élth_axi; of

strain NP

Buckled along stretched axis

- \"BuskI&H. isotropie <
Biaxially stretched: relaxed P

Buckled in all directions
(a)

Figure 2.8 Carbon nanotube network as stretchable transparent electrodes for skin-like
pressure sensor applications. (a) Schematics (left) and corresponding AFM images (right)
showing the microscopic morphology evolution of CNT network on PDMS substrate when
subjected to uniaxial and biaxial stretching and releasing tests. (b) Optical images and
two-dimensional pressure profile obtained from a transparent pressure sensor array. (Lipomi
etal. 2011 [13b]. Reproduced with permission of Nature Publishing Group.)
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(Figure 2.9b,d). The nAg—MWCNTs forms an effective electrical network among
the silver flakes, which results in a conductivity of as high as 5710 S cm™ at 0%
strain and 20 Scm™! at 140% strain.

2.3.2 Stretchable Strain Sensor

Thanks to the above progress in CNT stretchable conductors, several stretchable
functional electronic devices have been demonstrated, including strain gauge
[15], pressure sensor [13b], OLED [16b, 41], and supercapacitor [17]. In par-
ticular, such nanomaterial-based stretchable strain gauges can detect very large
strains (typically >30%) that are far beyond the limit of conventional metal foil
or semiconductor strain gauges. In addition, the unique mechanical compliance
renders them suitable for the applications involving interfacing with biological
tissue such as human motion detection, health monitoring and rehabilitation.
Figure 2.10 presents two examples of CNT stretchable strain gauges that are used
for human motion detection. Yamada et al. demonstrated a resistive strain gauge
(Figure 2.10a—f) that explores the lateral fracture of as-grown SWCNT arrays,
where the controlled opening and closing of cracks lead to reproducible resistive
response upon repetitive stretching and releasing [15a]. The device can detect
strains as high as 280% with very small amount of overshoot and relaxation.

In another study, Cai et al. reported a capacitive strain gauge (Figure 2.10g—k),
which is assembled into a parallel-plate capacitor using two layers of CVD-grown
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Figure 2.9 Stretchable conductors based on CNT-polymer composites. (a) Elastic conductors comprising super-growth SWCNTs uniformly dispersed in a
fluorinated rubber: left, optical images of screen printed patterns with a feature width of 100 pm; middle, conductivity as a function of tensile strain for three
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permission of Nature Publishing Group.) (b-d) Highly conductive and stretchable hybrid composites of silver flake and MWCNTs decorated with
self-assembled silver nanoparticles. (b) Diagram of the synthesis process. (c) Conductivity as a function of tensile strain. (d) SEM images of the nanocomposites
at a strain of 50%. (Chun et al. 2010 [40c]. Reproduced with permission of Nature Publishing Group.)
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Figure 2.10 Stretchable resistive (a—f) and capacitive (g-k) strain gauges using CNT networks.
(a) Schematics of the fabrication process and working mechanism of the resistive strain gauge.
(b) In situ SEM image of the SWCNT array under a 100% strain, showing the transverse fracture
of the film. (c) Relative change in resistance for up to 10 000 stretching cycles with strains of
100%, 150%, and 200%. (d-f) A strain gauge attached to a bandage and adhered to the

throat (d) used to detect human breathing (e) and phonation (f). (Yamada et al. 2011 [15a].
Reproduced with permission of Nature Publishing Group.) (g) Operating mechanism of
capacitive strain gauge using SWCNTs film as stretchable electrodes. (h) Relative changes in
resistance of the SWCNT/PDMS composite electrodes under progressively increasing strains.
(i) Relative changes in capacitance under stretch-release cycles with progressively increasing
strains. (j) Relative changes in capacitance after repeated stretch-release cycles with maximum
strain of 100%, 150%, and 200%. (k) Demonstration of using the capacitive strain gauge to
monitor the motion of human fingers. Top panel: photographs of a strain gauge attached to
the finger with different gestures. Bottom panel: The capacitive response at each
corresponding stage. (Cai et al. 2012 [40f]. Reproduced with permission of John Wiley & Sons.)
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Figure 2.10 (Continued)

CNT thin films as stretchable electrodes and a piece of silicone elastomer as
the dielectric layer [15c]. When stretched, the Poisson deformation of the
elastomer in the device results in an increase of capacitance, which is found
to be proportional to the applied strain. Due to the excellent stretchability of
the CNT/silicone composite electrodes, the strain gauge exhibits stable and
reliable capacitive response throughout the course of repetitive stretching with
a maximum strain of up to 300%.

2.3.3 Stretchable Thin-Film Transistors

To date, most of the research effort has been focused on stretchable conductors
whereas the potential of using semiconducting SWCNTs as channel materials
for stretchable transistors is rarely explored. The hurdles of realizing stretchable
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Figure 2.11 Stretchable CNT TFTs enabled by wrinkled Al,O, gate dielectrics. (a) Deposition
and transfer of Al,O;, which is randomly wrinkled during the transfer process. The SEM image
shows the surface morphology of the wrinkled Al,O. (b, c) Schematics, optical micrographs,
and transfer characteristics of the fully-fabricated CNT TFTs when stretched along the channel
length direction up to a strain of 16% (b) or along the channel width direction up to a strain of
20% (c). (Chae et al. 2013 [14e]. Reproduced with permission of Nature Publishing Group.)
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Figure 2.11 (Continued)

transistors are manifold. One bottleneck is the gate dielectric material, which is
usually brittle. A well-known strategy to make conventional inorganic material
stretchable is to induce buckles or wrinkles in the thin films [37a]. Chae et al.
report that randomly distributed wrinkles can be formed in Al,O; thin film
during a transfer process, imparting the film a certain degree of stretchability
(Figure 2.11) [14e]. The wrinkled Al,O; is then used as the gate dielectric layer
for sSSWCNT transistors, which exhibit stable electrical characteristics under a
tensile strain up to 20%.

Another approach is to exploit intrinsically stretchable dielectric materials such
as polymer electrolyte, ionic liquid, or ion gel [42]. The working mechanism of
such type of dielectric materials is that, upon a positive (negative) gate bias volt-
age, the cations (anions) in the dielectric migrate towards and accumulate at the
dielectric/semiconductor interface, which electrostatically induce the accumula-
tion of electrons (holes) in the semiconductor [42]. Xu et al. fabricated stretch-
able SWCNT transistors using ion gel as the dielectric material and achieved
a stretchability of over 50% (Figure 2.12) [14f]. Such a high stretchability was
achieved by a pre-strain strategy. sSSWCNT channel semiconductors and gold
electrodes are deposited on a pre-stretched PDMS substrate by transferring and
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Figure 2.12 Intrinsically stretchable CNT-TFTs. (a) Schematics of the fabrication process where
CNT film is transferred to prestrained (50%) PDMS substrate, forming buckled structure after
the prestrain in PDMS is released. (b) In situ SEM images of the buckled CNT film obtained after
prestretched to 25%, 50%, and 65%. (¢, d) Photographs of the TFTs before (c) and after

(d) stretched to 30%. (e, f) Stretching test showing the transfer characteristics (e), mobility,
on-current, and off-current (f) of the CNT-TFTs at various tensile strains up to 57.2%. (Xu et al.
2014 [14f]. Reproduced with permission of American Chemical Society.)
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thermal evaporation, respectively. Releasing the pre-strain induces wrinkles in
both sSSWCNT films and gold electrodes, thus enables a high stretchability.

The pre-strain process, however, makes the entire fabrication rather com-
plicated and can be skipped if the evaporated gold is replaced by intrinsically
stretchable conducting materials. A straightforward option is to use metallic or
unsorted CNTs as the stretchable electrodes while the channel semiconductors
are still semiconductor-enriched CNTs. Recently, such all-CNT stretchable
TFTs have been fabricated by a process combining microfabrication and inkjet
printing [43]. Super-growth CNTs are first dispersed with the assistance of
an ionic liquid and then mixed with fluorinated rubber. The dispersion is
subsequently spray coated on Si to form an elastomeric conductive film which
is patterned by standard microfabrication process. The patterned elastomeric
electrode is then embedded and transferred to a PDMS substrate. Next,
semiconductor-enriched CNTs are ink-jet printed in the channel regions. To
conclude the fabrication process, a piece of ionic gel is laminated over the
channel region as gate dielectric. The fabricated TFTs can withstand tensile
strains up to 100% while maintaining decent transistor behavior (Figure 2.13).

The use of microfabrication or vacuum facilities does not comply with the
concept of green manufacturing. Instead, solution process or printing (discussed
in the next section) is needed to realize low-cost and scalable fabrication. Very
recently, silver nanowires (AgNWs) and unsorted CNTs, both being readily
dispersed in liquid phase, have been used as electrodes to fabricate intrinsically
stretchable sSSWCNT TFTs exclusively by solution processes [44]. In the first
study, AgNWs are spray coated and patterned on an elastomeric substrate,
followed by drop casting semiconductor-enriched CNTs, then spin coating
a polymeric gate dielectric and finally laminating another AgNWs/elastomer
film as gate electrode (Figure 2.14) [44b]; in the second work, unsorted and
semiconductor-enriched CNTs are first deposited on Si, and then transferred
onto an elastomeric film with spray coated unsorted CNTs as gate electrode
and spin coated polymeric gate dielectric (Figure 2.15) [44a]. In both cases, the
fabricated devices can be stretched to >50% strains along the channel length
or channel width direction. These results represent the state-of-the-art of CNT
based intrinsically stretchable TFTs.

In addition to the selection of suitable materials for gate dielectric and elec-
trodes, stable interface between different components also plays a critical role
as minute interfacial sliding or delamination may lead to catastrophic failure of
the entire device. However, the huge discrepancy in the mechanical and chemical
properties of different components poses a great challenge in acquiring a stable
interface that can survive long-term operations with large strains (>100%) [36].
For instance, the modulus of SWCN'Ts can reach 1 TPa [9], more than six orders
of magnitude higher than that of common elastomer substrates like PDMS. As
a result, the realization of highly stretchable and robust SWCNT transistors still
needs extensive cooperation between researchers with expertise in material syn-
thesis, structure design, solid mechanics and fabrication techniques.
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Figure 2.13 Intrinsically stretchable thin-film transistors based on super-growth carbon
nanotube electrodes and sSSWCNT channel. (a) Schematics of the fabrication process,
involving dispersing the super-growth CNTs, spray coating the dispersion, patterning the
conductive CNT film and ink-jet printing the semiconducting SWCNTs. (b-d) Photographs of
the conductive CNT film just coated on Si (b), after patterning (c) and being peeled off from

Si (d). (e) Transfer characteristics of a stretchable TFT while the device is stretched to >110%
strain. (Sekiguchi et al. 2015 [43]. Reproduced with permission of American Chemical Society.)
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Figure 2.14 Intrinsically stretchable CNT TFTs fabricated by solution process with silver nanowires (AgNWs) as electrodes. (a) Schematics of the fabrication
process involving spraying coating AGNWs, drop casting sSWCNTs, spin coating gate dielectric and lamination. (b, c) Electrical characteristics of a device being
stretched to 50% strain along the channel length (b) and channel width (c) direction. (d) Optical micrograph of the devices while being stretched to 40% strain
along the channel length direction. (Liang et al. 2015 [44b], https://www.nature.com/articles/ncomms8647. Used under CC BY 4.0 https://creativecommons

.org/licenses/by/4.0/.)
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Figure 2.15 Solution processed intrinsically stretchable CNT TFTs with unsorted carbon
nanotubes as electrodes. (a) Schematics of the fabrication process involving spray coating
unsorted CNTs, spin coating semiconducting CNTs, spin coating gate dielectric and device
assembling by transferring. (b) Optical images of the fully fabricated devices. Scale bar, 4 mm.
(¢, d) Transfer characteristics of a device being stretched to 100% strain along the channel
length (c) and channel width (d) direction. (Chortos et al. 2015 [44a]. Reproduced with
permission of John Wiley & Sons.)
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2.4 Scalable Fabrication Process—Printing

Printing as a new manufacturing method for macroelectronics is attracting a
great deal of research interests due to the promise of high speed, large scale
and low cost production of electronic devices in novel forms [30]. Because no
photolithographic patterning or vacuum-based deposition/etching equipment is
needed, the cost of electronic devices can be substantially reduced. Additionally,
printed electronics can be fabricated on many unconventional substrates,
including plastics, papers, textiles, and even rubbers, thus enabling numerous
beyond-silicon applications ranging from smart packaging to electronic paper,
and from large area smart wallpaper to ubiquitous wearable electronics [2].
Organic semiconductors have been the mainstay in printed electronics for a
long time [3c], whereas nanomaterials, among which are quantum dots [4],
nanotubes [7], nanowires [45], and two dimensional (2D) nanomaterials [6],
are new members of printable functional inks. In fact, many nanomaterials
have already significantly outperformed organic semiconductors. For example,
the field-effect mobility of printed TFTs using sSSWCNTs is generally higher
than 1 cm? V~1s~! which marks the upper limit for organic semiconductors. In
addition to the superior electrical properties, CNTs exhibit excellent mechanical
robustness and solution processibility, making them an outstanding material
platform for printed flexible and stretchable electronics.

It should be pointed out that, among the three components of a TFT, gate
dielectric layer poses a major challenge in printing top-gated TFTs on flexible
and stretchable substrates. The widely adopted printable dielectrics are poly-
mers which have rather low dielectric constant, resulting in a large operating
voltage. In addition, it is very difficult to get an ultrathin dielectric film with
good uniformity and clean interface through printing processes; any pinhole or
interfacial trap would lead to poor device characteristics. Besides, the realization
of flexibility and stretchability requires the dielectric material to be highly
compliant, posing a greater challenge in selecting suitable materials. Two of
the promising printable dielectric material platforms that have been studied
extensively are ion gels [23b, 31c] and organic—inorganic hybrid dielectrics
[31b, d, €, j]. Due to the formation of electrical double layers at the gate/dielectric
and dielectric/semiconductor interfaces, ion gel offers very large gate capac-
itance which is, in principle, independent of the film thickness [42]. Hybrid
dielectrics consisting of polymers and inorganic nanoparticles are also excellent
platforms for printed and mechanically compliant TFTs because they not only
possess high dielectric constant and mechanical flexibility/stretchability but also
enable low-cost and scalable solution-based processing [46].

So far, several printing methods have been used to fabricate SWCNT-based
devices, such as ink-jet printing [23, 31c, i], screen printing [31b], and gravure
printing [31d-g, j]. In the following section, we summarize the state-of-the-art
development of printed electronics using CNTs. Although there are several other
studies of printed electrical interconnects based on CNTs [40b, c], we focus on
the use of CNTs as channel semiconductors though.
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2.4.1 Digital Printing—Inkjet and Aerosol Jet

Digital printing is characterized by its mask-free and drop-on-demand (DoD)
features, thus provides better adaptability and less material waste. The most
widely used digital printing methods are inkjet and aerosol jet printing [30b].
Okimoto et al. pioneered the area of inkjet printed SWCNT TFTs by using
the same SWCNT material for both contact electrodes and channel semi-
conductors (Figure 2.16a—e) [23a]. SWCNT networks with low density are
used as the channel of the TFT, while more printing runs lead to a higher
nanotube density which can be used as the electrodes. They also proposed the
utility of ionic liquid as gate dielectric layer to enable the top-gate operation.
However, because the ink material is a mixture of metallic and semiconducting
nanotubes, very sparse SWCNT network is required for achieving decent
on/oftf current ratio, which unavoidably leads to rather low drive current.
Using pre-sorted semiconductor-enriched SWCNTs can lead to devices with
both high on/off ratio and large output current. Chen et al. demonstrated
high-performance back-gated sSSWCNT TFTs using an inkjet-like printing
method (Figure 2.16f-h) [23c]. The on/off ratio, on-current and mobility reach
10% 18 pAmm™ (V4 =-0.8V), and 23 cm? V™! 571, respectively. They further
demonstrated the application of such fully-printed nanotube TFTs in driving a
standalone single-pixel OLED (Figure 2.16i).

Ha et al. pioneered the field of ionic-gel-gated sSSWCNT TFTs by using an
aerosol jet printing process (Figure 2.17a,b) [23b]. Gold source/drain and gate
electrode arrays are first patterned by conventional photolithography and lift-off
processes. Next, semiconducting SWCNTs, ion gel dielectrics, and PEDOT:PSS
gate electrodes are printed successively into the channel regions, resulting in flex-
ible TFTs with high hole and electron mobility of 31 and 17 cm? V=1 571, respec-
tively. With ion gel dielectrics, the gate operating voltage of the transistors can be
very low (<3 V) because of the huge gate capacitance (>1 pF cm~2). However, due
to the small drifting velocity of ions, the switching speed is much lower than con-
ventional dielectrics, which needs further improvement in future. Nonetheless,
recently, the same group demonstrated partially printed five-stage ring oscilla-
tors with stage delays lower than 5 ps at supply voltages below 3V, representing
an inspiring achievement towards high performance printed circuits using CNTs
(Figure 2.17c—e) [31c].

Recently, Cai et al. reported highly flexible and foldable CNT TFTs and
integrated logic gates fabricated by an all-printing process [47]. As shown in
Figure 2.18a, the sSSWCNTs, Ag S/D electrodes, PMMA/BaTiO, gate dielectric
layer and Ag gate electrode is printed successively on an ultra-thin polyimide
substrate spin-coated on a silicon handling wafer. After finishing printing all
components, the substrate is delaminated from the Si wafer, resulting in the
ultra-flexible freestanding TFTs and logic gates. The devices can withstand
thousands of bending cycles with curvature radii down to 1 mm, as shown in
Figure 2.18b,c. Furthermore, the TFTs can survive very aggressive folding tests
like squeezing by a tweezer, indicating the excellent flexibility of the hybrid dielec-
tric layer. The electrical performance under folding is actually constrained by the
adhesion between Ag electrodes and polyimide substrate since the Ag electrodes
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Figure 2.16 Ink-jet printed SWCNT TFTs. (a, b) Snapshots of DMF based SWCNT ink droplet for
channel semiconductor (a) and ionic liquid droplet for gate dielectric (b) during the ink-jet
printing process. (c) Optical micrograph of ink-jet printed TFT array with gold contact
electrodes. (d) AFM image of the printed SWCNT network in the channel of the TFT. (e) Off/off
ratio (top), hole mobility (middle), and channel resistance (bottom) as functions of channel
length. (Okimoto et al. 2010 [23a]. Reproduced with permission of John Wiley & Sons.)

(f) Schematics of fabricating polymer electrolyte gated SWCNT TFTs by an ink-jet-like process.
(9) Photograph and optical micrograph of fully printed SWCNT TFTs. The SEM image on the
right shows the SWCNT network with a high density. (h) Representative transfer (left) and
output (right) characteristics of the fully printed SWCNT TFTs. (i) Application of printed
CNT-TFT in an OLED control circuit. (Chen et al. 2011 [23c]. Reproduced with permission of
American Chemical Society.)
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Figure 2.17 Printed CNT-TFT and integrated circuits using ion-gel dielectrics. (@) Schematic
diagram and optical micrograph of the printed CNT TFT on flexible substrate with ion-gel
dielectric and PEDOT:PSS gate electrode. The top right AFM image shows the printed CNT
network. (b) Representative transfer (left) and output (right) characteristics of the printed TFT.
(c) Photograph and circuit schematic of a ring oscillator with printed TFTs. (Ha et al. 2010 [23b].
Reproduced with permission of American Chemical Society.) (d) Output signal of a ring
oscillator driven by a supply voltage of 2V with a stage delay time of 4.5 ps. (e) Frequency and
stage delay times as functions of supply voltage. (Ha et al. 2013 [31c]. Reproduced with
permission of American Chemical Society.)
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Figure 2.18 Fully-printed highly flexible and foldable CNT TFTs and integrated logic gates. (a) Schematics of the fabrication process. (b) Transfer characteristics
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printing paper. (Cai et al. 2015 [47]. Reproduced with permission of John Wiley & Sons.)



2.4 Scalable Fabrication Process—Printing

delaminate after several folding cycles. Besides, the electrical performance of
the logic gates can be fine tuned by printing CNTs in the loading resistor in a
layer-by-layer manner, manifesting the unique adaptability of ink-jet printing.

2.4.2 Gravure Printing

Compared with ink-jet printing, gravure printing (roll-to-roll or roll-to-plate)
is a more cost-effective way for mass production of electronic devices over
large areas. In a series of work by Paru Inc. in South Korea, researchers have
demonstrated fully-printed logic gates, half adder, D-flip-flop and one-bit
radio-frequency identification (FRID) tags through a gravure printing process
[31d, f, g]. In these studies, the silver gate electrodes, BaTiO;/PMMA hybrid
dielectrics, semiconducting SWCNTs, and silver source/drain electrodes are
sequentially printed onto flexible PET substrates in a roll-to-roll or roll-to-plate
manner. For such gravure printing processes, the viscosity and surface tension
of the inks and surface chemistry of the substrates are critical and need to be
optimized for uniform and reproducible device performance. Beside digital
integrated circuit applications, gravure printed SWCNT TFTs have also been
incorporated in functional electronic systems such as skin-like sensor arrays.
Recently, Yeom et al. reported the utility of gravure printed nanotube TFT arrays
as active-matrix backplanes for driving large-area compliant tactile sensor arrays
(Figure 2.19) [31j]. The active-matrix backplane consists of up to 400 TFTs with
high yield (97%) and excellent uniformity. Special attention should be paid to
the overlap regions between the column and row selection lines to avoid leakage
current between them. The system is capable of detecting pressures ranging
from 1 to 20 kPa with a linear sensitivity of 800% kPa~! and spatially mapping the
pressure profile (Figure 2.19¢). In addition, owing to the mechanical compliance
of the hybrid dielectrics, the active-matrix backplane is highly flexible with
invariant electrical characteristics when bent to a curvature radius of 1.85 cm.

2.4.3 Printed Complementary Metal-Oxide Semiconductor (CMOS)
Devices

Complementary metal-oxide-semiconductor (CMOS) operation is desired for
digital logic applications as it provides rail-to-rail swing, large noise margin, and
small static power consumption [7]. However, as-grown CNTs typically exhibit
p-type behavior in ambient air due to lower Schottky barriers for holes than
electrons at the nanotube/metal interfaces for most air-stable metal contacts.
Despite of the numerous efforts [48], acquiring air-stable and reproducible
n-type CNT transistors in a facile way remains challenging. Alternatively, the
heterogeneous integration of p-type CNT and n-type metal oxide transistors
is a promising strategy to realize complementary macroelectronic circuits [49].
Many metal oxide semiconductors, including zinc tin oxide (ZTO) and indium
zinc oxide (IZO), can be solution processed, thereby opening the possibility of
fully-printed hybrid CMOS integrated circuits consisting of p-type SWCNTs
and n-type metal oxides [50]. Recently, Kim et al. reported high speed, ink-jet
printed SWCNT/ZTO hybrid complementary ring oscillators with stage delay of
140 ns, which represents the fastest ring oscillator with printed semiconductors
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to date (Figure 2.20) [50a]. In this study, gate and source/drain electrodes are
defined by photolithography and lift-off processes and a double layer of ZrO,
is deposited by a sol-gel route as the gate dielectric. SWCNTs and ZTO are
deposited from solutions using an ink-jet printer. This work indicates that hybrid
complementary configuration is a useful approach for achieving fully-printed
and sophisticated macroelectronics by circumventing the difficulty in obtaining
n-type SWCNT transistors.

2.5 Conclusions and Outlook

Tremendous progress has been made in SWCNT-based flexible and stretchable
electronics. Nonetheless, almost no SWCNT-based flexible electronic product is
commercially available at this moment [9]. Several challenges remain to be over-
come before SWCNT-based electronic devices and systems can be made ready
for the applications in consumer markets.

In the materials aspect, although semiconductor-enriched SWCNTs are
already commercially available in large quantities, there is still large inho-
mogeneity in terms of chirality and nanotube length. It is expected that high
purity and good homogeneity of the starting material is beneficial for uniform
device performance. Additionally, longer nanotubes are desired to reduce the
number of tube-to-tube junctions, which could lead to further improvement
in device mobility. However, the dissolution and separation of long nanotubes
(>10 pm) are not easy. Furthermore, the effects of surfactants on device electrical
characteristics require more thorough investigation. The surfactants used to
disperse SWCNTs are difficult to remove and can act as barriers for electronic
conduction, thus increase the contact and channel resistance. In the future, new
surfactant-free methods need to be explored to effectively dissolve SWCNTs
without damaging or shortening them. Recent studies of dispersing SWCNTs
using superacids or salt-ammonia solutions show promise in this direction [51].
Other problems confronting researchers include methods to obtain air-stable
n-type conduction in SWCNTs and improve the uniformity, yield, and stability
of SWCNT-based devices.

At the fabrication process end, although printing has been demonstrated to be a
promising method for large scale and low cost manufacturing, the printed devices
are still far inferior to their counterparts fabricated using conventional micro-
fabrication processes in terms of electrical performance and uniformity. This is
mainly caused by the low resolution (typically >50 pm) and poor reproducibility
of current printing methods. Future work on printed SWCNT devices should also
focus on improving the metal contacts and developing new dielectric materials.
Stretchable electronics are relatively new and have attracted significant research
interests. Despite the excellent stretchability of both sSSWCNT networks and
SWCNT thin-film electrodes, the realization of compliant dielectrics and robust
interfaces appears to be the bottleneck in this field. Furthermore, fully-printed
stretchable systems have yet to be realized. Finally, graphene and other 2D
semiconducting materials are also showing increasing potential for flexible/
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stretchable electronics [6, 52]. Incorporating SWCNTs with other forms of
nanomaterials may lead to some exciting results [14e].
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3.1 Introduction

With the emerging popularity of wearable electronics, with the high expectations
from robotics engineering, with the desire and need for implantable electronics,
and the quest to mimic nature in medicine engineering and artificial intelligence,
we are seeking to achieve flexible—bendable and stretchable—electronics. Even
though silicon remains the highest performing material in electronics, and is
still being studied to be rendered thinner and flexible, silicon-based technology
seems to lack the desired easy processability for low-cost manufacturing. The
research community is thus dedicating tremendous efforts toward coming up
with materials that can potentially complement the traditional inorganic systems
used in electronics industry, not to rival silicon technology, but fulfilling the
needs mentioned above. Among studied materials are organic semiconductors
owing to their tunable optical, electronic, and redox properties, in combination
with their ability to be processed at ambient conditions, and their biocompatibil-
ity [1-5]. The starting point for achieving large-area processing is making flexible
transistors and sensors, and eventually, high-performance large-scale flexible
electronics can be achieved [6-9]. Organic semiconductors have already shown
promising results for commercial devices, and are being investigated for further
uses in flexible circuitry [3, 10]. In this chapter, we give an overview of current
approaches on achieving flexible all-organic transistors and transistor-based
sensors. In the first section, we will introduce how all-organic devices can
be achieved in terms of choosing substrates, electrodes, dielectric layer, and
operating channel, as well as the device geometry. The second section will focus
on the current state-of-the-art design of transistors; the fundamental working
principles that ought to be preserved in flexible hybrids will be introduced.
The third section will be dedicated to currently studied fabrication techniques
suitable for organic-based transistors. In the last section, applications of flexible
transistors will be discussed as we review ongoing efforts in transistor-based
sensors design.
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3.2 Materials Consideration for Flexible Organic-Based
Transistors

To achieve organic flexible transistors and sensors, we first ought to discuss what
makes any material suitable for flexible transistors fabrication and then review
how performances can be improved. This section will thus attempt to define flex-
ibility at the level of a transistor, discuss the choice of substrates and electrodes,
and introduce the choice of the dielectric layers, as well as the organic func-
tional channel layers. Representative literature will be provided for those read-
ers interested in further learning about current efforts in organic-based flexible
electronics.

3.2.1 How Flexibility is Achieved

How we define flexibility becomes an important talking point in organic-based
electronics as a first step toward deviating from the traditional robust
silicon-based technologies. Some material chemists argue that for a mate-
rial to be considered flexible, this should be an intrinsic property [11-13], while
the counterargument suggests that any material could be rendered flexible if
made thin enough [14, 15]. The word “flexible” will be used in this chapter to refer
to both bendable and stretchable, and the distinction between these two terms
will become crucial as we discuss the applications of organic transistors. Flexi-
bility will here be viewed in terms of the physical strain that a device (material)
can sustain when bent and/or stretched. Organic materials oftentimes tend to be
associated with flexibility—ergo the common appellation of “plastics”—despite
many cases that display high crystallinity and brittleness [16]. The organic
systems we consider here are those that are able to provide excellent flexibility
at the level of all major components of a transistor—substrate, electrodes, and
active layer. We herein review materials under investigation for each component
toward achieving large-area organic flexible systems.

3.2.1.1 Flexible Substrates

The approach to thin-out the silicon-based technology, of transferring it onto
thinner and bendable substrates to fabricate lighter electronics has recently
been a key feature in many tech companies. It could thus be envisioned that
the same approach could be used to apply existing technology on flexible
substrates; flexible TV displays, for instance, could be fabricated. Among
substrate candidates, metals such as steel and aluminum have been investigated
to be made thinner, therefore flexible [17]. Thin glass is another candidate
mostly for groups interested in applying flexibility to displays (e.g., curved
and bendable TVs, wearable displays, etc.) Glass provides excellent optical
properties desired for displays (transmittance and birefringence), but it showed
great difficulty when trying to achieve desired thinness without damaging the
rather fragile and brittle glass sheets [18]. The preferred alternatives have been
plastic polymer substrates. Plastic substrates have gained more popularity than
the last two counterparts, not only because they tend to tolerate strain better,
but also because they display several other properties that metals, for instance,
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cannot provide: easy processability, low melting points (whenever desired),
biodegradability, not to forget their low-cost. Plastic substrates have then been
used in roll-to-roll processing owing to their ability to be printed in long foldable
and pliable sheets at low temperatures [19, 20]. Most of the plastic substrates
are based on thermoplastics, as well as other high glass-transition points (Tg)
polymers. The most widely used polymers include polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), polycarbonates (PCs), and polyimides
(PIs) [21-23], to name a few. Depending on their crystallinity, these polymers
have thus been advanced as candidates to replace glass in fabrication of devices
that require excellent optical properties combined with bendability and/or
stretchability. Most newly developed fabrication techniques aim to lower the
cost and unsustainability associated with the high temperatures required for
metal-based substrates.

3.2.1.2 Flexible Electrodes

The use of metal electrodes remains prominent in electronics due to their
excellent electronic properties. It is however worth mentioning that the most
popular electrode being gold in competition with other precious metals such as
platinum and silver, the cost aspect in device fabrication cannot be undermined.
Most research groups take advantage of vapor deposition and sputtering to
pattern thin layers of the desired metal onto substrates of choice [24—26]. Using
special processing methods, transparent and pliable metal electrodes can be
achieved [27-29]. Note that most of these generally used methods require high
vacuum and/or high temperatures. The meticulous nature of these methods
used to achieve flexibility of metal electrodes thus calls for easier and cheaper
alternatives to fabricate flexible electrodes.

A special appraisal is presented on the discovery of charge conductivity in
conjugated polymers by Heeger and coworkers [30]. Thanks to their work, con-
ducting polymers have shown to be excellent candidates that can replace metal
electrodes in device fabrication [31, 32]. Not only have conducting polymers
shown great electronic conductivity, but they have also opened doors to easier
and low-cost electrode patterning routes as they can be solution-processed at
low temperatures. Free-standing flexible polymer electrodes have been achieved
and incorporated in several device designs proving their ability to obviate the use
of metals [33-36]. In addition to their plastic properties, conductive polymers
show great conductivities, excellent charge, and discharge cycles, as well as low
band gaps owing to the conjugated z-system along their backbone [36-38].
These metallic properties have also shown to be greatly enhanced in carbon
nanotubes owing to their ability to be fabricated in highly oriented nanowires
[39, 40]. Carbon nanotubes have thus been used to be incorporated in flexible
arrays for sensing applications [41-43]. Free-standing polymer electrodes are
thus being investigated as they are more suitable for low-cost fabrication of
flexible electronics—they can easily be patterned as thin films.

In case of special properties that tend to be solely characteristic for
metals—magnetism for instance—metal-polymer hybrids have been stud-
ied. These hybrids are usually achieved by immersing metal nanoparticles in
a polymer medium; this combination affords the desired properties of the
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Figure 3.1 Gate electrode engineering achieving highly flexible magnetic sensors using the
gate suspension technique. Silver nanoparticles are immersed in a solution of PMDS yielding a
magnetically active composite. (Adapted from Ref. [47].)

metal with the flexibility of the polymer. Several composite systems have been
explored and polymers such as polyamides, polyacrylamide, and other hydrogels
have been used to achieve highly flexible conductive arrays [33, 44—46]. For
instance, Zang et al. demonstrated a flexible magnetic sensor achieved by taking
advantage of gate-electrode engineering. The group incorporated magnetically
active nanoparticles (silver nanowires and iron oxide nanoparticles) into poly-
dimethylsiloxane (PDMS), a flexible medium, and flexible composites could
be fabricated. Using a gate suspension technique (as depicted in Figure 3.1)
a flexible magnetic sensor was achieved [47]. Such sensors would find great
applications in soft robotics.

3.2.2 Organic Dielectric Layer

Another crucial component in transistor fabrication is the layering of a dielectric
layer on the top of the patterned electrodes. This step remains relevant for
charge injection in organic systems [48, 49]. Given how thin the dielectric layer
is made, it does not play a crucial role in limiting device flexibility. It has however
been shown that by using polymer gate dielectrics in place of the inorganic
dielectrics, the overall performance can be significantly improved in thin-film
transistors (TFTs) [50]. An effective dielectric layer requires to be a very thin
and pinholes-free film of an insulator that can allow electric field injection at low
voltages. This task, however, becomes challenging as most polymer insulators
tend to yield thicker films (100nm) and require high voltages [51]. In order
to circumvent this leakage issue while retaining thinness, polymers such as
poly-4-vinyl-phenol (PVP) [50, 52-55], poly(methyl methacrylate) (PMMA)
[51], polystyrene (PS) [56], and polyvinyl alcohol (PVA) [57] have been used.
These polymers have showed the ability to be cross-linked achieving desired
thinness, uniformity, and of excellent charge injection. Note that instead of
relying on traditionally used methods such as vapor deposition, sputtering,
and thermal growing as it is the case for inorganic dielectrics—usually silicon
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(or aluminum) oxides and nitrides [48]—the polymers listed above could be
deposited by solution processing. Using all-organic dielectric materials thus
becomes more suitable for the fabrication of flexible devices; no harsh conditions
are required and desired results can be achieved.

3.2.3 Organic Functional Layer

The use of organic materials in transistor fabrication emerged in the late 1980s
with the discovery of (semi)conducting polymers [30, 58, 59]. Ever since, organic
semiconductor-based transistor fabrication has seen tremendous attention to
the point of achieving performances approaching that of polycrystalline silicon
[5, 60]. Polymer backbone engineering, as well as side chain engineering are
two crucial tools to improve charge carrier mobility in semiconductor polymer
systems. With the manipulation of conjugated backbones, as well as functional-
ity tuning of side chains, charge carrier transport in polymer systems has thus
seen tremendous improvements in the past two decades. Mobilities exceeding
40 cm? V-1 s71 have been achieved [61].

One of the specialties for which organic semiconductors are popular is their
ability to be processed as thin films at ambient temperatures. This low tempera-
ture processing has made organic thin-film transistors (OTFTs) potential candi-
dates for devices processed on flexible polymeric substrates such as smart paper,
radio frequency tags, smart cards, flexible displays, and sensors as will be dis-
cussed later in this chapter [62, 63]. In addition, this ease of achieving OTFTs
provides an appealing alternative to industry as a way to obviate the meticulous
and harsh protocol required for achieving thin layers of silicon [64, 65]. Organic
semiconductors from small molecules, to oligomers, and conjugated polymers
have shown the ability to be processed into thin films, and several device designs
have been studied [2, 4—6]. We will not discuss the material design and engineer-
ing for organic semiconductors in detail. We will however revisit what has been
accomplished in terms of improving charge carrier transport when we get to tran-
sistor designs; materials design and device performance tend to be inseparable in
this field.

3.3 State-of-the-Art Designs and Fabrication
of Organic-Based Transistors

OTFTs for different applications adopt various designs namely organic
field-effect transistors (OFETs) [3, 6, 8], electrolyte-gated organic field-effect
transistors (EGOFETSs) [66—68], organic electrochemical transistors (OECTsS)
[66—72], and the list goes on. These designs aim to substitute inorganic materials
with organic alternatives as the active layers in transistor fabrication. Using
organic materials has promised to decrease, if not completely eliminate, the
cost of high temperature ramping that is usually required for inorganic systems.
Thin-film processing has also opened doors to several fabrication techniques
including screen printing, inkjet printing, and different photolithographic
techniques—we will revisit fabrication techniques in later sections. For all the
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designs discussed further, we will need to keep in mind that charge transport in
the channel layer tends to be associated to the first few layers of molecules. This
concentration of charge in the bottom layers becomes crucial when choosing the
optimal film thickness, as well as strategic electrodes placement for particular
transistor designs [62, 64, 65]. In this section, we introduce representative tran-
sistor designs, explain their working mechanisms, and discuss their potential
applications in organic electronics.

3.3.1 Organic Field-Effect Transistors

3.3.1.1 Structure

OFETs are by far the most widely studied transistor configuration in organic tran-
sistors. This design provides amplifying and/or switching of electronic signals,
while maintaining a rather simple layout. The first demonstration of a solid-state
OFET was reported by Tsumura et al. [73], which was around the same time when
Kodak research laboratory had just demonstrated an organic light-emitting diode
[58, 59]. Since then, the field of OFETs has been widely studied to the extent of
improving the primitive charge carrier mobilities from 107° to higher than tens
of cm? V157! [4, 6, 61]. An OFET consists of an organic semiconducting layer
deposited between two ohmic contacts (source and drain), separated by a thin
dielectric layer from a third contact (gate). The gate can be positioned either on
the top (top gate) or at the bottom (bottom gate). In some cases, the gate can also
serve as the substrate, otherwise, the assembly can be patterned on a substrate
(traditionally glass or heavily doped silicon).

Choosing the right device geometry is another crucial step to achieving high
performance of a transistor. One of the main challenges in OFET fabrication
is to ensure that neither the functional layer nor the electrodes are damaged
in the process. Generally, in order to minimize atmospheric and/or harsh
environment exposure, electrodes are deposited on a substrate, followed by the
channel layer, and then the assembly is protected with a dielectric layer (plus
the gate contact). The geometry varies depending on the intended functions of
the OFET and the materials of choice. For instance, n-type materials, that is,
electron-transporting semiconductors tend to be associated with low air stability.
It is thus common to adopt device geometries that encapsulate the semiconduc-
tor materials between the more stable layers—insulating layer and/or passivation
layer—achieving bottom-contact or top-contact geometries as shown in
Figure 3.2.

It is also to be noted that many researchers are investigating the use of the
vertical geometries as opposed to lateral planar geometries to increase OFETs
performance and device stability [74—78]. In the vertical geometry, the semicon-
ductor layer is sandwiched between the source and drain pads, thus reducing
the channel length to the film thickness of the deposited functional layer. This
geometry still faces challenges mainly due to the difficulty of charge injection
through the source contact, which, in this configuration, becomes significantly
close to the gate electrode yielding a capacitive unit. One of the proposed ways
around this issue is the use of perforated source contacts. The electric field accu-
mulated at the dielectric—source interface can be allowed to tunnel through the
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Figure 3.2 Transistor structures preferred for sensitive materials (a) bottom-contact top gate,
(b) top-contact top gate. Contact is in reference to the position of source and drain with the
semiconductor.

intentionally placed holes within the source electrode. High OFET performances
have been achieved and reported affording potential applications for these struc-
tures in achieving flexible arrays [79, 80].

3.3.1.2 Performance and Characterization

As previously stated, an OFET is a three-terminal device that operates by switch-
ing and/or amplifying a current passing through an organic semiconducting
layer deposited between two ohmic contacts (source and drain). This current
flow is usually a response to a certain voltage (V) applied on a third plate
(gate) lying underneath or on the top of the semiconductor layer. The amount
of current that is able to flow between the source and drain—through the active
layer—subsequently marks the device’s performance in terms of its ability to
transport charge carriers. The question of whether organic materials could
perform to the same level as the inorganic counterparts has been the driving
force to finding organic materials with high conductivities, as well as facile
processability. With such materials in hand, flexible all-organic transistors can
be achieved to fabricate large-area devices for daily uses. OFETs have shown
promising results and we hope to be able to say the same for flexible hybrids by
the end of this chapter.

Ordinarily, transistor performance is tested by analyzing the channel layer’s
transductance (or capacitance) as a response to an applied V. By applying
another voltage (V,5) between source and drain contacts, the performance of
the channel layer can be monitored from the decrease in voltage as the current
travels through the organic material. Extrapolating transfer and output curves,
a few key parameters are usually reported to characterize OFET performance.
First, charge carrier mobility (1), ON/OFF ratio, as well as the threshold voltage
(Viry) are to be evaluated. Charge carrier mobility tells how fast the charge
carriers can move from one contact to the other, while the ON/OFF ratio shows
the difference between currents before the device could be turned on and when
the device is switched on. The threshold voltage is an indication of the minimum
voltage V¢ that has to be applied before the device can be “tuned on” V
is oftentimes reported with its subthreshold slope (SS) which is the voltage
difference required to increase the current between source and drain by a factor
of ten. This slope is usually an indication of how fast the device can switch from
the OFF state to the ON state. Notice the dependence of the threshold voltage on
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any fabrication defects, since any holes or leakages—contact resistance—would
have to be filled before the device can turn on. Also note that the organic-based
systems borrow these parameters from the inorganic systems that are used by
physicists to derive the parameters [81]. The extraction of these parameters is
normally done in either the linear regime or the saturation regime of the I/V
transfer curves, from which the following equations are derived [4]:

I = p%Ci(Vg = VoVge Vg = Vi > Vi (linear regime) (3.1)
I (sat.) = p%(vg — V', V= V; < Vy, (saturation regime) (3.2)

Equation (3.1) and (3.2) are compiled for OFET performance characterization.
Iy is the current between the source and drain electrodes, i the charge carrier
mobility, mostly referred to as mobility, W and L are the width and the length of
the operating channel, respectively, and V5 and V1 are the applied gate voltage
and the threshold voltage, respectively.

Note the occasional overestimation of charge carrier mobility from the
nonlinear slopes of the transfer curve, as shown in Figure 3.3, which tends to
be characteristic for many semiconducting polymers including cyclopenta-
dithiophene-benzothiadiazole copolymer (CDT-BTZ) (Figure 3.3a), diketo-
pyrrolopyrrolethieno[3,2-b]thiophene copolymer (DPP-T-TT) (Figure 3.3b),
and indacenodithiophene-co-benzothiadiazole (IDTBT) (Figure 3.3c) [82]. The
presence of kinks within the transfer curve can lead to inaccurate performance
results. The research community in this field is thus debating the linearity of
transfer curves is required for accurate charge mobility reporting [83]. Nonethe-
less, OFETs have shown excellent performances and have shown potential
to be applied to large-area processing. The ongoing quest for improving their
functionalities has thus enriched the library of (semi)conducting oligo/polymers,
and remarkably high charge carrier mobilities have been achieved [61]. For the
readers interested in further learning about the evolution of OFETs material
engineering, representative examples of highly functionalized materials were
reviewed and respective mobility milestones were presented [5].

3.3.2 Modifications of OFETs for Sensing Applications

Several OFETs modifications have been designed in accordance with the desired
applications especially in sensing as shown in Figure 3.4. In the next section, we
show a few of the proposed designs, explain their working mechanisms, while
providing their potential applications in organic electronics. The operating mech-
anism of OECT will be used to discuss the device performance; the other config-
urations tend to operate in a similar manner and will not be discussed in detail.
Readers may consider the work of Piet Bergveld for more insights on ion-sensitive
field-effect transitors [85].

3.3.2.1 Electrolyte-Gated and lon-Sensitive Organic Field-Effect Transistors

An EGOFET is a proposed device design that slightly differs from an OFET
mainly for biological interfacing purposes. In addition to the major com-
ponents of an OFET, EGOFETs are topped with an electrolyte layer that is
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Figure 3.3 Transfer characteristics curves for mobility extraction from high-performance
conjugated polymer OFETs showing occasional non-ideal transfer characteristics: (a) CDT-BTZ
bottom-gate, top-contact FET. (b) DPP-T-TT bottom-gate, top-contact FET. (c) IDTBT top-gate,
bottom-contact FET. (Adapted from Ref. [4].)

meant to interface with charged analytes [84]. This design has mainly been
used in designing biosensors as the latter require a soft and benign interface
between the device and the physiological environment. This interfacing ability
has allowed for the coating of traditional metal electrodes in order to access
and monitor neurons activity [86], intra- and extracellular stimulation [68],
physiological pH sensing [67], as well as bio-transduction sensing [66, 87].
The working principal of electrolyte-gated transistors relies on the ability of
their electrolyte/semiconductor interface to selectively detect any potentio-
static change due to ionic injection in the electrolyte layer. The amplified
capacitance of the transistor is usually explained by the formation of a double
Helmholtz layer between the electrode/electrolyte interface, and then the
electrolyte/semiconductor interface. This double layer formation was exten-
sively studied by Salleo research group at Stanford University [88]. With the
combination of the flexibility that was discussed for OFETs—which still applies
here—and the “softness” offered by electrolyte coating, EGOFETs have thus
been potential candidates for interfacing with physiological tissues.
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Figure 3.4 Representative modifications of OFET design for sensing applications. The red
circle indicates the interface of the functional layer (OSC: organic semiconductor, ECP:
electrically conductive polymer) and the electrolyte-sample solution. (Adapted from Ref. [84].)

Ion-sensitive electrolytes have been employed to achieve ion-sensitive organic
field-effect transistors (ISOFETSs). This OFET modification has been proposed
and used for pH sensors [89, 90], various water-soluble metabolites sensing
[91, 92], as well as anionic and cationic sensing [93, 94]. The injection of ions at
the electrolyte interface can be translated into an electrical signal and the device’s
response can be monitored. Note that most of the studied electrolytes are in their
aqueous phases as depicted in Figure 3.4, and oftentimes need to be contained
in a well of inert polymers such as PDMS. Ideally, a solid state electrolyte or a
hydrogel would be more applicable for easy manipulation of the device and for
flexible arrays. To further improve the device design and sensitivity, a structure
that exploits similar working mechanism as an ISOFET (as well as EGOFET) but
on a wider spectrum of analytes has been studied, namely OECT.

3.3.2.2 Organic Electrochemical Transistors

This rather newly developed organic transistor design gained its popularity
in the past two decades due to its promising ability to interface with the
biological systems. OECTs were a timely development after the argument that
the field of biomedicine has not fully benefited from the currently available
technologies—compared to other fields such as entertainment and telecommuni-
cation. The validity of this argument is simply rooted in the fact that the currently
available technologies are rather rigid and cannot be in direct contact with the
soft and fragile bio-physiological tissues. In efforts to establish the missing link
between the soft biological tissues and the robust silicon-based technologies,
OECTs have shown promising performances to be suitable candidates [35, 70,
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95, 96]. Owing to their ability to translate change in ionic concentration—one
of the most common mechanism in signal recognition in physiology—OECTs
have been identified as device designs that can render the possible fabrication of
implantable technologies. Long-term implantation of high-tech devices would
be a crucial addition to fields of bio-medicine and drug delivery.

The ion-detecting ability of OECTs has thus been widely explored to
design biomedical devices from glucose sensors to brain activity moni-
tors [35, 96]. Being a newly studied design, OECTs have seen tremendous
advancement as researchers started to design ionic-conducting materials
that could be matched with the physiological functions. When poly(3,4-
ethylenedioxythiophene)-polystyrene sulfonate (PEDOT-PSS) was first synthe-
sized, its unprecedented performance in electro-ionic conductivity allowed the
fabrication of improved devices significantly exceeding what had been reported
by Wrighton’s research in the 1980s [96, 97]. PEDOT-PSS remains the most
widely studied electro-ionic conducting polymer for OECTs mostly due to its
commercial availability, and also its excellent electrochemical performance [71,
95, 96, 98]. One of the remaining challenges for OECT design, however, is a full
understanding of the device’s working mechanism. The device’s physics becomes
complicated due to the combined electronic and ionic conductivity.

3.3.2.3 Operating Mechanisms

All three modifications of OFETs rely on one major working principal: when
the electrolyte comes in contact with a charged analyte (or when a voltage is
applied), the change in chemical potential within the electrolyte is detected by
the underlying (semi)conducting layer. This principal becomes more compli-
cated for an OECT since the later requires a combination of electric conductivity
and ionic conductivity of the organic layer (shown as ECP in Figure 3.4 above).
The current consensus of an OECT operating mechanism is that upon injection
of ions in the electrolyte layer, the latter becomes doped. With the presence
of negatively charged sites in the subsequent conducting layer, the anions
migrate to de-dope the now positively charged electrolyte layer, leaving behind
an electron-conducting layer. This doping and de-doping cycle results in the
movement of holes (positive charge carries) correlating to a generated current
and detectable potential change. This injection of holes at the source electrode is
oftentimes studied in the depletion mode of the device [95]. OECT performance
is then evaluated as the ability of the active material to detect change in electro-
chemical potential at the electrolyte interface, and its ability to translate it into
a current flow.

3.4 Fabrication Techniques for Organic-Based
Transistors and Sensors

The fabrication technology for flexible organic-based transistors and sensors has
been greatly dictated by the materials of choice and the desired structures of
the devices. Generally, the gate, source, drain electrodes, and inorganic dielectric
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layer can be patterned using traditional methods, for example, photolithography
or shadow mask [24, 25]. The organic layer, however, requires less harsh fabrica-
tion methods employing newly developed “softer” technologies such as transfer
printing, inkjet printing, or even direct writing. In addition, many organic mate-
rials are incompatible with most solvents used in traditional microfabrication
processes, which means appropriate methods have to be predetermined depend-
ing on the sensitivity of the material in use. The ultimate goal of being to able to
achieve low-cost printing of circuits, techniques such as spin coating, drop cast-
ing, inkjet printing, screen printing, gravure printing, to name a few, have been
studied [52, 99]. Not only are these methods low-cost, they are also more compat-
ible with achieving flexible, pliable, and even stretchable devices as most of them
can be conducted at room temperature. Low temperature processing provides
low-cost fabrication and also obviates thermal expansion of flexible substrates;
this thermal expansion is oftentimes linked to the misalignment of the different
device layers and can affect patterning resolution. These methods have been used
to achieve long pliable sheets of integrated circuits [19, 20, 100].

For flexible devices, spin coating and drop casting remain the two most widely
used methods in transistor fabrication. The two methods allow for achieving very
thin films of the semiconductor layer, especially spin coating, and have shown
great results in large-area flexible arrays. However, these methods still rely heavily
on the use of organic solvents and remain less appealing to industrial-scale manu-
facturing. Industrial production prefers a more robust and fast fabrication route:
roll-to-roll printing. For roll-to-roll manufacturing, preferred alternatives would
be inkjet printing, screen printing, as well as other routes that allow for a contin-
uous process. The organic semiconductor materials can be prepared as inks with
proper viscosity and the channel layers can be readily printed. In this case, the
channel length and the amount of material needed in transistor fabrication can be
determined by the printer’s resolution. Much efforts are currently being put into
achieving high resolutions as the roll-to-roll printing route promises low-cost
manufacturing of desired circuits [19, 53]. Figure 3.5 summarizes the current
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Figure 3.5 Printing technologies for roll-to-roll printing of flexible electronics under
investigation. (Khan et al. 2015 [101]. With permission from IEEE.)
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approaches toward achieving easy and reliable roll-to-roll printing; for the read-
ers interested in further details, a review by Khan et al. [101] is recommended.

3.5 Flexible Organic Transistor-Based Sensors

Compared with inorganic systems, organic materials present many advantages in
sensing owing to their mechanical properties, electrical properties and their bio-
compatibility. Throughout the previous sections, we showed different designs of
organic-based transistors and we repeatedly hinted on their applications. In this
section, we focus on organic-based transistors that have been studied to design
sensors. We thus present a few examples of sensors namely for strain, temper-
ature, pressure, as well as bio-analytes using organic materials as active layers.
Note that for most sensors under investigation, the use of metal electrodes and/or
glass substrates still remains popular, therefore many figures shown in this section
are only partially organic.

3.5.1 Flexible Organic Strain Sensors

Flexible strain sensors, different from the traditional strain sensors, put forward
a higher demand on material design as well as device geometry. Intrinsically
stretchable materials would be ideal choices for strain sensing, but many
material candidates lack the ability to combine stretchability with other desired
properties—electrical and stability. For organic-based designs, this stretcha-
bility remains an issue as most of OTFT-based systems manifest low moduli
[16, 102]. If the strain applied on the devices exceeds the crack-on-set strain
of the material, cracks will form within the film, and the device will lose its
function. Flexible organic-based strain sensors are thus oftentimes fabricated
on thin and unstretchable plastic substrates to acquire the required bendability.
Generally, strain-sensitive materials, piezoelectric, for example, are used to be
incorporated in a device in order to detect applied strain. For instance, Hsu
et al. designed a flexible strain sensor using an OFET structure patterned on
polyvinylidene fluoride (PVDF) [103]. To fabricate the OFET devices on PVDF,
a layer of parylene-C was used as the dielectric layer, and an aluminum layer
at the bottom acted as a reference electrode. When strain was applied on the
device, the PVDF layer could generate an accumulation of charge because of
its piezoelectricity. The accumulated charge then acted as the gate voltage and
turned-on the channel layer. Different strain conditions induced different drain
currents (Figure 3.6b). Using an array of devices, the strain applied on a large
area could be detected.

Besides piezoelectric devices, other device structures and different fabrication
processes have been introduced for strain sensing. For instance, Nam et al.
demonstrated a kind of strain sensor based on heptazole TFTs [104] as shown
in Figure 3.7. An inverter-type TFT circuit was introduced to measure the
large elastic strain (up to ca. 2.5%), owing to excellent mechanical properties
of heptazole. Despite the anisotropic electrical properties of heptazole under
strain—which caused little current variation under horizontal strain—the
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Figure 3.6 lllustration of a piezoelectric-based strain sensor (a) strain is applied from both
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Figure 3.7 Demonstration of an elastic strain sensor based on heptazole: (a) device structure
and junctions layout, (b) strain gauge mounted on a fore arm, (c) muscle movement detected
by the sensor. (Adapted from Ref. [104].)
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current could change dramatically under vertical strain. The performance of the
device could be tuned by controlling the orientation of the heptazole. The strain
gauge was used to detect the movement of a muscle, as shown in Figure 3.7b.

3.5.2 Flexible Organic Pressure Sensors

As mentioned above, organic materials tend to be delicate and sensitive to harsh
conditions. This delicate nature thus makes many organic materials unsuitable
for direct use in pressure sensing. In order to achieve organic-based pressure
sensors without direct use of the organic functional layer, two methods are gener-
ally used. One method is to branch a pressure-sensitive resistor in series with an
organic-based amplifier (OFET for instance) [105, 106]. A few thin-film organic
pressure sensors have then been demonstrated using the field-effect transistor
configuration [107, 108]. In these sensors, the output current will change due to
the change in the resistance under applied pressure. These devices tend to be very
thin, which allows them to withstand bending. For example, Kaltenbrunner et al.
presented an ultralightweight pressure sensor that could be bent even to radii as
low as 5 pm [23]. In this work, the device was fabricated on a 1 pm-thick plastic
foil making it lighter than a similar size feather (as shown in Figure 3.8a). The
transistor was patterned in series with a tactile sensor through a “via hole,” and
all the fabrication processes were compatible with CMOS (complementary metal
oxide semiconductor) technology, which showed the potential for large-scale fab-
rication. The source and drain current could be tuned by the pressure applied on
the tactile sensor, and the mapping of the pressure was achieved by scanning the
current changes of the array. A second method to achieve a pressure sensor is to
incorporate a pressure-sensitive unit as one of the TFT components. For instance,
a pressure-sensitive dielectric layer, which can also tune the output current under
different pressures (Figure 3.9a) [109, 112].

Most of the flexible organic pressure sensors mentioned above still face a few
challenges as the response times are usually poor and the sensitivities tend to
be low. In addition, detection methods also remain a challenge as it becomes
difficult to directly and accurately monitor the pressure changes within the
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Figure 3.8 An ultralightweight device for pressure sensing (a) device weight compared to a
feather in air, (b) structure of a single pressure sensor in the array on a flexible foil. (Adapted
from Ref. [23].)
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Figure 3.9 (a) A pressure sensor equipped with a flexible and microstructured dielectric layer.
(b) Structure of an OLED-based pressure sensor. (c) A kind of pressure sensor mimicking the
chameleon’s skin. The organic layer is oxidized upon applied pressure resulting into a color
change. (Adapted from Refs [109-111].)

device. In their efforts to directly visualize the device’s response, Wang et al.
demonstrated a new kind of flexible pressure sensor [110] by integrating an
organic light-emitting diode (OLED) in the sensor. The pressure distribution
could directly be displayed according to the pixels (Figure 3.9b). In the area
of applied pressure, the OLEDs would turn on and the device’s response was
evaluated from the intensity of the emitted light.

However, this incorporation of OLEDs within the sensors has its shortcomings
as it leads to complex device structures, as well as the robust nature of the device.
To address the device complexity issue, a rather simpler concept was introduced
by Chou et al. as shown in Figure 3.9c. The group proposed an idea of e-skin
mimicking chameleon’s skin, where an applied pressure would stimulate a color
change in the channel layer due to the redox reaction induced within the poly-
mer system [111]. The device’s response could then be easily monitored via a
color change. Note that the original material, P3HT, showed low stability and
this appealing concept is yet to be commercialized. We can however project that
this concept could be put to use by addressing device stability using more stable
p-type materials, or making use of device passivation.
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Figure 3.10 Bending insensitive pressure sensor. (a) Array of nanofibers insensitive to bending
strain. (b) Structure of the sensor showing different layers encapsulating a transistor. The fiber

layer underlies the source electrode making the device insensitive to bending strain. (Adapted
from Ref. [113].)

Another puzzling issue for flexible pressure sensors is that it is oftentimes
difficult to distinguish pressure from other mechanical deformations, for
instance, bending of the device. Most flexible pressure/strain sensors will
respond to both kinds of deformations, in other words the pressure change
during the strain test will interfere with the anticipated result and vice versa.
In their efforts to obviate the signal interference and stable performance, Lee
et al. presented a new kind of pressure sensor [113], which is insensitive to
bending—the device only responds to normal pressure. The pressure sensor
is composed of bending-insensitive nanofibers and TFT arrays as shown in
Figure 3.10. The insensitivity of the sensor to strain was mainly attributed to
the nanofibrous structures, that is, the alignment of the fibers would change
during the bending to help release the strain in each fiber. The device as a whole
thus showed insignificant sensitivity to strain while applied pressure could be
detected.

3.5.3 Flexible Organic Temperature Sensors

The availability of traditional thermometers might overshadow the need
for temperature sensors until one starts considering the need for flexible
thermometers—temperature sensors. Ideally, a surgeon should not need an
assistant to hold a thermometer during the procedure if a flexible temperature
sensor can be directly inserted. Another futuristic example would be having a
patch-like sensor that can monitor the thermal activity of, for instance, babies
and patients in critical condition. If connected to a monitor system, patients
and/or doctors can respond according to continuous monitoring. Here, we turn
our focus onto ongoing investigation on designing temperature sensors based on
organic materials. Most currently studied flexible organic temperature sensors
take advantage of the OTFT structure and the temperature-sensitive resis-
tance [114—116]. Several similarities between these designs and the TFT-based
pressure sensors discussed earlier may become easily noticeable to many readers.
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Recently, Yokota et al. have demonstrated one kind of OTFT-based ultrathin
flexible temperature sensor [116]. The sensor shows high sensitivity above 20 mK
and a high-speed response time of less than 100 ms, in combination with a work-
ing range that can be tuned from 20 to 50 °C. The device design was laid out
so that each pixel of the active-matrix-based temperature sensor consisted of an
OTFT and a block of acrylate copolymer with graphite particles fillers. The ther-
mal sensitivity of the mixture could be tuned by changing the ratio of the fillers. In
principle, any change in temperature within the device leads to a volume change
of the copolymer owing to changes in the distances between carbon fillers. This
variation in volume can thus be detected as the source-drain current varies and
could be monitored as the device’s response to temperature change. Since all the
materials used in the devices are biocompatible, this sensor design finds potential
applications for in vivo monitoring.

Highly flexible and stretchable temperature sensors can also be achieved
by altering the device structure or by enhancing the elasticity of the thin-film
material. For instance, Hong et al. presented a stretchable temperature sensor
that could work well under 30% biaxial applied strain, showing potential appli-
cation of the temperature sensor in stretchable electronics [114]. The device
design combines carbonanotubes-based active matrices (AM) [110] with a
temperature-sensitive resistor to achieve direct temperature monitoring. In
order to achieve high flexibility, the interconnecting material for the devices
was chosen to be liquid metal—which has been used for stretchable electronic
devices. The channel layer consisted of SWCNTTs (single wall carbon nanotubes)
which are also suitable for stretchable devices (Figure 3.11a). All the devices
were first fabricated on PET substrates and then encapsulated by silicon rubber
(Ecoflex 00-30) film. The use of such stretchable substrates (devices on high
modulus materials, then embedded in low modulus materials) [117] have shown
to dramatically release the strain on the devices. Finite element modeling (FEM)
analysis was further used to show strain distribution across the devices during
the stretch process, thus indicating the effectiveness of the array layout (as
depicted in Figure 3.11b).

3.5.4 Flexible Organic Biosensors

As previously mentioned, organic materials have shown abilities to function
inside physiological tissues and have so far demonstrated great sensitivities
toward various metabolites. OECTs, as well as other modified designs of OFETs,
have been used to detect different metabolites including glucose, urea, and
ionic concentration, as well as in brain activity [31, 92, 118—124]. With the need
for more advanced medical procedures, organic-based sensors provide a rich
platform for sensing several metabolites, thus opening doors to newly desired
techniques in biomedicine. Organic-based biosensors also offer the ability to
be linked with enzymatic activity thus offering most of the required qualities
of a sensor—selectivity, sensitivity, viability, quick response time, as well as
reproducibility. These properties have thus been exploited in organic-based
sensors producing promising results [125, 126]. For instance, Malliaras’ group
has pioneered the design of OECT-based bio-sensors, and has demonstrated
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Figure 3.11 (a) Strucrture of a stretchable temperature sensor. (b) Strain distribution of the
sensor during the stretching process. (Adapted from Ref. [114].)

applications for soft tissue interfacing. Figure 3.12a shows the layout of an
OECT-based glucose sensor utilizing enzymatic sensitivity and selectivity on
glucose [96]. The device detects the protons injected in the electrolyte layer
as a product of the enzymatic glucose degradation. The device design was
later coupled with fluorescent chromophores for direct optical monitoring of
glucose levels (as shown in Figure 3.12b) [127]. Furthermore, the group later
demonstrated the use of soft organic semiconductors, namely PEDOT:PSS,
and achieved flexible and implantable electrodes for electroencephalography
(Figure 3.12c) [33, 35]. These flexible arrays showed excellent stability at the
brain—tissue interface, in combination with improved neurosignals compared to
their inorganic counterparts. These organic-based systems are thus promising
in terms of flexible implantable medical device design.

The combination of the properties discussed above allows for organic-based
devices to answer questions that could not be answered before particularly in
biomedicine. For instance, long-term implantation of the inorganic sensors has
been limited by the performance degradation of the sensors due to their rejection
by the immune system [35]. Another critical parameter for implantation of the
device being their flexibility; rigid devices have the risk of damaging the targeted
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Figure 3.12 (a) Device layout of an organic electrochemical transistor-based biosensor for
enzymatic sensing. The presence of analytes can be detected from the change in H* at the
gate-electrolyte interface. The doping and dedoping of the ionic transporting channel layer is
used to detect enzymatic-specific analyte. (b) Glucose monitoring using the detection of
proton via fluorescence quenching. (c) Fabricated biocompatible electrodes for brain activity
detection. PEDOT:PSS is used to coat the contacts for ionic detection and soft interfacing.
(Adapted from Refs [35, 96, 1271.)
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organs in our bodies. Oftentimes, for brain—-machine interface (BMI) applica-
tions, traditional devices made by silicon or metal needles arrays have shown to
be unsuitable as the devices have to penetrate inside the brain tissue to acquire
accurate and updated signals. With this lack of soft interfacing between the physi-
ological world and currently available silicon-based technologies, flexible organic
devices find potential applications in biomedicine and long-term implantation. In
their efforts to circumvent these challenges for inorganic systems, Rogers’ group
recently demonstrated a series of work aimed at wireless optogenetics [128, 129].
These systems mainly include flexible needles, u-ILEDs, microchannel for in vivo
pharmacology, and wireless control module as shown in Figure 3.13. Notice that
these systems are partially organic. The devices could be implanted either in the
brain or in the spinal cord of rats and could be controlled by wireless signals from
the outside. In principal, the medicine is primarily stored in the reservoirs and
will flow through u-fluidic channels to the brain or spinal tissues. At the same
time, the u-ILEDs at the tip of the needle will emit light to activate the ion chan-
nels of the cell for the injection of the medicine. The joule heaters will be wirelessly
activated and will lead to the expansion of the reservoirs until the rupture of a
Cu-membranes.

Despite the efforts of the Rogers group, a fully implantable long-term, flexible
device is yet to be approved. Plenty of attention still needs to be paid to details
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Figure 3.13 (a) Device layer of an u-ILEDs-based wireless optogenetics system. The joules
heaters are separated from medicine reservoirs by an expandable layer. The reservoirs and the
encapsulating Cu-membrane can be wirelessly triggered to rupture by the heating and
expansion of the expandable membranes. (b) Demonstration of the implatation of the
optogenetic device in the spinal cord of a mouse. (Adapted from Ref. [129].)

such as the power source for such a device (implantable batteries [130]),
the device’s life, and transiency [128, 131, 132], as well as device conformity
with physiological tissues; organic-based devices can potentially fulfill these
requirements.

3.5.5 Flexible Organic Optical Sensors

There are several ways to design organic-based flexible optical sensors. Depend-
ing on the components of the desired devices, organic-based optical sensors can
be divided into two main groups: OLED-based devices and devices based on
organic wave guide. OLEDs-based sensors are by far the most widely studied
structure in optically active electronics while wave-guide-based sensors tend to
be coupled to pressure sensors [133]. OLEDs have offered various advantages
owing to their rather simple geometry and ease with which they can be achieved
on flexible substrates. Flexible displays have been under investigation, and one
could safely argue that they might be the next novelistic marketable e-products.
All organic-based light-emitting diodes have shown promising results in terms
of achieving flexibility, finding applications in e-paper, bendable TVs, wearables,
and low-cost monitors [134, 135].

In addition, OLEDs have been studied in combination with organic photode-
tectors (PDs). This combination of two designs expands the application of these
optical sensors to fields requiring continuous monitoring such as healthcare. For
instance Bansal et al. have demonstrated a wearable optical sensor to medical
uses [136]. This sensor could be used in measuring signals from intact muscles
to control the movement of active prosthetic devices and tissue oxygenation. In
Figure 3.14, the device was fixed in a probe bandage around the upper limb. The
wavelength and the location of the PD were carefully chosen to optimize the
device performance. With the movement of the muscle, the scattering of the pho-
tons was observed to change, which could subsequently be detected by the PDs.
In this way, the devices could be used to control a robotic arm.
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Figure 3.14 Demonstration of an optical sensor based on OLED coupled with a PD; (a) the
bandage consists of one light source and four photodiodes to detect the movement of muscle
fibres. (b) A robotic arm mimicking the arm movement of a volunteer. (Adapted from
Ref.[136].)

3.6 Summary and Outlook

In this chapter, we present an overview of the recent advances in organic-based
flexible electronic devices, including transistors and sensors. We have shown that
organic transistors are excellent candidates for achieving easily patterned cir-
cuits for low-cost flexible electronics. We have also shown that by changing the
structure and/or materials used, transistors can be designed for specific sensing
platforms such as chemical sensors and biosensors. Different kinds of organic
flexible sensors, including pressure, thermal, and optical sensors were demon-
strated, and most of the sensors mentioned earlier have shown great potential for
healthcare and wearable applications. Unlike inorganic materials, organic mate-
rials were demonstrated to be suitable for fabrication techniques including inkjet
printing and screen printing to achieve roll-to-roll printing. Some organic mate-
rials are even compatible with the standard CMOS process, which shows their
potential for large-scale and low-cost fabrication. Another important advantage
of the organic-based flexible devices is their biocompatibility; how this feature
has attracted special research interest for achieving “soft” devices, especially for
implantable devices has been discussed as well.

Up to this point, we have described what has been accomplished in order
to achieve flexibility and what materials have been studied for organic-based
systems. We have even showed the applicability of some of the ubiquitous assays.
We have yet to answer the question of what is next for organic-based devices.
And the answer will ultimately be rooted in the fact that many researchers in
this field would agree that achieving flexible electronics would revolutionize
technology to the same level as silicon has. Not only have organic materials
showed the ability to perform to the level of silicon, but also have presented
properties that the future of technology is demanding. Performance milestones
have already been achieved in flexible organic-based devices meeting the
requirement for daily-use devices manufacturing. The research community in
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this field still ought to focus on the material design, as the intrinsic flexibility of
organic materials seems to be taken for granted. Accessing intrinsically flexible
(bendable and stretchable) organic semiconductors, organic dielectrics, as well
as all transistor components would allow easy fabrication of highly flexible
circuitries. A little more attention also ought to be paid to the device engineering
in order to overcome resilient challenges such as devices’ air stability and
device mechanical durability, but nonetheless these platforms are ready to be
turned into marketable products. Achieving easy roll-to-roll processing would
extremely impact the fields of healthcare, energy, environmental sustainability,
and robotics, to name a few. We hope to have guided the readers through
current efforts toward achieving all-organic-based transistors and organic
transistor-based sensors. We envision the great impact that these devices can
potentially have as this seems to be an opportune time to question whether
silicon-based technology has reached its apogee.
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4.1 Introduction

Printed electronics has been attracting significant attention from fundamental
research groups to industries because the marriage of conductive, insulating, and
semiconducting materials with printing technologies enables one to make thin,
lightweight, and large-area electronic devices and systems. Organic materials
possess intrinsic mechanical flexibility because of their loose Van der Waals
bonding between organic molecules, and they make durable flexible organic
devices feasible [1]. A recent study reported that high-performance organic
thin-film transistors (TFTs) with printed semiconducting layers exhibited high
carrier mobilities greater than 10 cm? V! s~ [2]. Such a high mobility will lead to
novel applications of printed TFTs, such as flexible displays [3], radio-frequency
identification (RFID) tags [4—6], sensors [7], and medical applications [8, 9].

Printing processes require different technologies from conventional vacuum
deposition to photolithographic processes used for fabricating electronic
devices because the inks and printed patterns are affected by rheological effects.
In order to achieve high-performance printed TFTs and integrated circuits,
both ink parameters and printing technologies should be carefully selected.
Well-known printing methods such as inkjet, screen, and gravure printing, and
other novel printing technologies are now being applied to fabricate electronics.
Each printing technology requires different ink parameters and offers different
resolutions and thicknesses of the formed patterns. Hence, to obtain the desired
film, it is vital to consider the most suitable choice of ink and printing method to
be employed. The important printing parameters are as follows [10]:

Resolution: Resolution concerns how close together the lines and spaces of
printed patterns can be positioned. The resolution of the printing apparatus
generally determines the final resolution of the patterns. The resolution of
the cliché, or dot sizes in the case of digital fabrication without cliché such
as inkjet printing, is an important factor in the resolution of any printing
method.

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Accuracy: Accuracy concerns the extent to which repeated printed patterns have
the same alignment. Low accuracy makes it quite difficult to form multistack
structures with high resolution. In determining the accuracy of printing, both
the repeat accuracy of the printing apparatus and the thermal deformation of
the target substrate films should be taken into account.

Uniformity over a large area: This parameter focuses on the thickness of the pat-
terns and lines/spaces. Printing methods require the ability to produce uniform
patterns over large areas (ranging from several tens of centimeters to several
meters). The drying process plays an important role in this uniformity, because
most printing processes use solutions or semidried patterns.

Compatibility ofinks with printing components: This parameter is concerned with
whether a functional ink can be utilized for a certain printing technique. The
viscosity of inks constrains the number of suitable printing methods. There are
many other ink parameters that determine their compatibility with printing
methods, such as the size of particles dissolved in the inks, adsorption of the
solvent into the silicone blanket, adaptability of inks to doctor blading, and
adhesion strength of the printed patterns to substrates/stamps.

Wettability of target substrate: The wettability concerns the extent to which the
target surface is wetted by a functional ink. The wettability is mainly deter-
mined by the surface energy of the target substrates. Poor wettability can result
in an aggregation of the applied inks, whereas excessive wettability may cause
the lines to spread before drying. The surface wettability or surface energy of
the substrates can affect the transfer of printed patterns from the blanket.

Throughput: The throughput concerns how quickly a printing technique can form
patterns. One of the great benefits of printed electronics technology is mass
production at a reasonable cost. The high speed and high quality of printed
patterns should be maintained for hundreds of print operations.

In this chapter, the recent progress on fully printed organic circuits and biosen-
sors using such circuits is introduced. Section 4.2 details several printing tech-
nologies that have been used for the fabrication of organic TFTs and circuits. In
Section 4.3, fabrication processes of fully printed TFTs and specific technologies
for printed electronic devices are shown. Finally, the biosensor application that
uses printed organic circuits is introduced in Section 4.4.

4.2 Printing Technologies for Electronics

Printing technologies can be classified roughly into two types: printing with-
out form plates (or cliché), and printing with form plates. Noncontact printing
technologies that do not use form plates have an advantage over contact print-
ing of allowing on-demand patterning. However, printing technologies with form
plates have typically higher printing speeds (or throughput) than printing tech-
nologies without form plates, and so are more suitable for mass production. In
this section, three kinds of printing technologies that are used for fabrication of
printed organic TFTs are introduced.
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Figure 4.1 (a) Schematic illustration of inkjet process. (b) Ink spreading after application to the
hydrophilic substrate. (c) Clumping together of the applied inks onto the hydrophobic surface.

4.2.1 Inkjet Printing

Inkjet printing, which is a representative form of noncontact printing, is widely
used for the fabrication of printed electronic devices. Inkjet printing requires
low-viscosity inks (approximately 10 mN s7!), and therefore typically uses metal
nanoparticle inks for electrodes. For organic semiconductors, small-molecule
materials are better than polymer materials because solution inks of small
molecules tend to have lower viscosity than polymer solution inks. Inkjet
printing consists of five processes: ejection from the nozzles, flight, impact on
the substrates, ink spreading, and drying of the solvent [11, 12] (Figure 4.1a).
The ejection and flight processes are partially controlled by nozzle conditions
such as the voltage applied to the piezoelectric actuator, voltage waveform, and
cartridge temperature. The typical volume of ink drops jetted from the inkjet
head ranges from 1 to 100 pL [13, 14], which corresponds to a diameter greater
than 10 pm. The normal flight speed of the droplet ranges from 1 to 10 ms™.
The inkjet cannot control the droplet after ejection from the nozzles. The
low viscosity of the ink causes the drop to expand after being deposited
on the substrate (Figure 4.1b), which limits the resolution of inkjet-printed
patterns. The spreading of the ink is affected by the surface energy of the
substrate, substrate temperature, and ink properties. To reduce the spread of
the ink, hydrophobic surfaces are preferable. However, excessive hydrophobicity
prevents the formation of continuous lines that are absolutely necessary for
electronic components because some droplets clump together to a location and
can prevent stable patterns (Figure 4.1c) [15]. Figure 4.2 shows the patterns
obtained from inkjet-printed silver nanoparticle inks by changing the drop
spacing and substrate temperature. At low substrate temperature and small
spacing, the line width becomes too large and straight lines cannot be obtained.
At high substrate temperature, the spread of droplets can be suppressed and
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Figure 4.2 Examples of patterns obtained from inkjet-printed silver nanoparticle inks by
changing drop spacing and substrate temperature. The surface of the substrate was coated by
PVP. A relatively high substrate temperature (60 °C) and appropriate drop spacing (60 pm)
enables narrow and uniform lines.
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Figure 4.3 Schematic illustration of wettability contrast inkjet printing technique. The inks
only remain on the hydrophilic surfaces, and so fine patterning can be obtained when
wettability contrast surfaces are used.

straight lines can be formed onto the substrate; however, overly large spacing
causes individual drops.

To downscale inkjet-printed patterns, wettability contrast surfaces are often
used [16]. Hydrophilic silver nanoparticle ink does not remain on hydrophobic
surfaces, whereas the inks that land on hydrophilic areas spread over the edge
of the area (Figure 4.3). Thus, inkjet printing with wettablility contrast surfaces
can achieve both high-resolution patterning and a high alignment margin. This
wettability contrast technique can be applied to not only inkjet printing, but also
other printing processes such as gravure printing [17] and spin-coating [18, 19].

4.2.2 Gravure Printing

Gravure printing is a kind of intaglio printing using an engraved plate. This is a
very promising printing technique, and has been widely used for the fabrication
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Figure 4.4 Schematic illustration of
gravure offset printing.

Substrate Pattern

Doctor blade
\\

of electronic devices because it can achieve high printing speeds of the order
of 100—~1000 m min~! [20-22]. The process of gravure printing can be separated
into three parts: ink filling to the form plate, wiping with doctor blade to remove
excess ink, and transfer to the target substrate (Figure 4.4). The ink—transfer ratio
in gravure printing processes is mainly determined by the capillary number C,,
which is given by [23, 24]:
_nd

y ’
where 7 is the apparent viscosity, U is the printing speed, and y is the surface
tension. The feature size of gravure printing is 20 pm [25]. Recently, Subramanian
and coworkers reported high-resolution lines/spaces down to 2 pm at a printing
speed of 1 ms™! by optimizing the ink viscosity and print speed [24, 26, 27].

C

a

4.2.3 Reverse-Offset Printing for High-Resolution Patterning

Reverse-offset printing enables high-resolution patterning, high throughput, and
scalability with a feature line width and space of 5 pm [28-30]. This technique can
be divided into three parts: first, ink is coated on a silicone blanket (coating step);
second, the ink-coated blanket is pressed softly onto an engraved glass surface to
remove unnecessary areas of ink (patterning step); finally, the partially dried ink
pattern remaining on the blanket is transferred to the substrate (transfer step)
(Figure 4.5a). However, patterned inks are transferred onto the blanket in con-
ventional offset printing, whereas reverse-offset printing conducts the patterning
process after inking the blanket. Reverse-offset printing uses engraved rigid glass
as the form plate and a flat blanket as the donor. Because the blanket absorbs the
solvent from the ink coated onto it, semidried patterns on the blanket prevent
the pattern from spreading after its transfer onto the substrate. Furthermore,
reverse-offset printing enables fine electrodes to be patterned over large areas
(Figure 4.5b). We fabricated reverse-offset printed silver electrodes with straight
edges and line/space dimensions of 15/0.6 pm [28] (Figure 4.5¢). The semidried
patterns also enable thin structures with virtually no taper. The thickness of the
reverse-offset printed silver electrodes was 100 nm, which is within the favorable
range for TFTs and other multilayer stack electronic devices (Figure 4.5d).
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Figure 4.5 (a) Schematic illustration of reverse-offset printing: ink coating (left), patterning
(middle), and transfer (right). (b) Top-view photograph of reverse-offset printed electrodes
formed on 120 mm x 120 mm glass substrates. (c) Photograph of printed electrodes with a
width/spacing of 15/0.6 um. (d) Cross-sectional SEM image of the printed electrodes. (Fukuda
etal. 2015 [28]. Reproduced with permission of John Wiley & Sons.)

4.3 Printed Transistors

4.3.1 Fabrication of Fully Printed Transistors

The typical structure and fabrication process of fully printed TFTs are shown
in Figure 4.6. To minimize damage to the semiconducting layer, it is preferable
that the patterning of the semiconducting layer is the final step of the fabrication
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Figure 4.6 Fabrication process of fully printed organic TFTs.

process. To fulfill this demand, we used a bottom-gate and bottom-contact
configuration for the TFT architecture. The surface flatness of the substrate
directly affects device performance. Typical films such as polyethylene naph-
thalate (PEN) and polyethylene terephthalate (PET), which are used as base
substrates of electronic devices, have a surface roughness comparable to that
of Si substrates. However, thinner films have rough surfaces, with a root mean
square roughness of more than 10 nm and a maximum height of more than
100 nm for randomly distributed peaks [31]. Therefore, a planarization layer is
required for thinner substrate films. The surface wettability of both the substrate
and the gate dielectric layer is also an important parameter for printed electron-
ics. Hydrophobic fluoropolymer is often used in organic TFTs with top-gate
configurations because the solution of such polymer does not damage the
organic semiconducting layers; but such hydrophobic properties or low surface
energies make it quite difficult to print appropriate patterns onto the surfaces.
Because TFTs have vertically stacked structures, bottom gate electrodes should
have thin thickness and uniform flatness to achieve better insulating properties
between the bottom electrodes and top source/drain electrodes.

4.3.2 Profile Control of Inkjet-Printed Electrodes

As mentioned in Section 2.1, noncontact printing such as inkjet printing uses
low-viscosity inks and thereby suffers from nonuniformity of the obtained pat-
terns because of the so-called coffee-ring effect [32]. When printed ink dries on
the surface of a substrate, the solute is generally transported from the center
to the edge, and the resulting solute film forms a nonuniform ring-like profile.
To suppress the coffee-ring effect and to obtain a flat pattern is one of the most
important issues for printed electronics. According to a model that predicts the
final shape of a dried thin film [33], solvent evaporation rate (/) and diffusion
coefficient (D) affect the final shape of the film. The smaller value J, or the larger
value D more readily induces a convex shape. This is because diffusion tends to
homogenize the concentration field contrary to the outward flow (Figure 4.7a).
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Figure 4.7 (a) Schematic illustration explaining the relation between solvent evaporation
speed and final shape of drying films. (b) Profiles of inkjet-printed silver electrodes dried at
relative humidity levels 30%, 80%, 85%, and 90 %RH. The drying temperature and drying time
were 30 °C and 30 min, respectively. (Fukuda et al. 2013 [34]. Reproduced with permission of
American Chemical Society.)

In order to control the final shape of inkjet-printed silver electrodes, we
focused on how to suppress the J; of the silver nanoparticle ink [34]. We used
silver nanoparticles dispersed in a water-based solvent. Both environmental
temperature and humidity decide the ], of water, therefore we controlled the
drying conditions and assessed the dependencies the ambient humidity and dry-
ing time on the profiles. The silver nanoparticle ink was patterned with an inkjet
printer onto the cross-linked poly-4-vinylphenol (PVP) layers. After printing,
the substrates were stored in a drying chamber in which both temperature and
humidity were set to constant values. Temperature in the chamber was held at
30°C, and relative humidity was changed from 30 to 90 %RH, while the storage
time was fixed to 30 min. After the drying process, the substrates were heated to
140 °C for 1 h to sinter the silver nanoparticles.

Figure 4.7b shows line profiles (cross-sectional view) of printed silver elec-
trodes dried at various humidity levels. The final shape of the electrodes was
changed dramatically by changing only the relative humidity of drying chamber.
The cross-sectional profile for a line with ambient humidity of 30 %RH was
concave. These nonuniformities in silver electrode thickness are a result of the
coffee-ring effect. This concave shape was suppressed by increasing the ambient
humidity from 30 to 80 %RH, such that a nearly trapezoidal shape was observed
at an ambient humidity level of 85 %RH. Furthermore, for ambient humidity
levels of 90 % RH the silver electrodes formed a convex shape. These results
clearly show that the water-based silver nanoparticle ink with low viscosity was
very sensitive to the ambient humidity levels during the drying process. The
uniform profiles can be obtained with appropriate humidity level (in this case,
85 %RH), and so the electrodes can be used for electronic devices with stacked
structures.
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Figure 4.8 Location of the neutral strain position
of multilayer stack film.
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4.3.3 Mechanical Stability

4.3.3.1 Calculation of Strain in the Devices
The neutral strain position b of a device with multistack layers (Figure 4.8) should
be calculated to consider the strain in the device. The neutral strain position b of
a multilayer stack with the nth layer on top of the first layer on the bottom is given
by [35]:

t

Y Et [Z;=1 b= El]

X Ei;
where E; and t; denote the Young’s moduli and thicknesses of the individual layers,
respectively. Assuming that the total thickness of the device, t = Y, ¢; is much
smaller than the bending radius R, the bending strain at an arbitrary position r
from the bottom surface of the device yields:
r—>b
‘0= R5p
This equation indicates that locating the device in the neutral strain position
can almost cancel the strain on the device, giving it robust mechanical properties
[36]. If the substrate is sufficiently larger than the other layers, the strain equation
can be simplified as [37, 38]:
d
£E=—
2R
Although this equation is often used for the devices with relatively thick

(10 pm or more) polymer substrates, Eq. (2) is more appropriate for devices with
thin-film bases down to less than 10 pm.

b=

(4.1)

(4.2)

(4.3)

4.3.3.2 Improvement of Adhesion

Adhesion is an important issue for printed silver electrodes, as for other printed
conductive materials. Although the adhesion of silver pastes can be improved
by introducing a binder polymer [39], silver nanoparticle inks generally contain
little or no binder polymers to reduce the resistivity. Weak adhesive strength
complicates flexible electronics. However, adding binder polymers to the ink
is not advantageous for device electronic performance because such binders
often inhibit carrier injection from the electrodes to semiconducting layers [40].
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Figure 4.9 (a) Adhesion strength of printed silver electrodes on PVP interlayer as a function of
sintering temperature. (b) Relative adhesion strength versus surface energy of the underlayers.
(c) Cross-sectional TEM images of the interface between the silver electrode layers and PVP.
(Reproduced with permission. Copyright 2015 [41], IOP publishing.)

A polymer interlayer with a low glass transition temperature (7',) can improve
the adhesion of printed silver nanoparticle inks, as the sintering process above
the T, of the polymer interlayer leads to a strong fusion between the printed
silvers and polymers [41, 42]. Three kinds of interlayer polymer have been inves-
tigated: PVP with a surface energy of 44 mN m™!, poly(methyl methacrylate)
(PMMA) with a surface energy of 36 mN m~!, and Teflon® with a surface energy
of 17mNm~!. The adhesion of silver electrodes printed onto PVP increased
from 0.4 to 1.5 N mm~2 after sintering above the T, of the polymers (Figure 4.9a),
which is much higher than the adhesion of the electrodes onto a glass substrate
(0.3N mm™2). The adhesion is almost proportional to the surface energy of
polymer interlayers (Figure 4.9b), indicating that the adhesion can be easily
controlled by changing the internal polymer layers with appropriate surface
energy and T',. Cross-sectional transmission electron microscope (TEM) images
revealed that interfused layers were formed between the printed silver and
polymer interlayers, and that the thickness of the interfused layer depends on
the surface energy of each underlayer (Figure 4.9¢).

Using printed electrodes with high adhesion, no cracking/buckling of silver
electrodes was observed even after outward bending with a bend radius of
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Figure 4.10 Photographs of printed silver source electrodes before (left) and after (right) the
application of 1.6% tensile strain (R =4.0 mm). (a) Silver electrodes with high adhesion and
(b) with low adhesion. (Fukuda et al. 2013 [43]. Reproduced with permission of Nature
Publishing Group.)

4 mm (1.6% tensile strain), and the electrodes exhibited almost the same surface
after strong tensile strain (Figure 4.10a). In contrast, the silver electrodes with
low adhesion exhibited cracking/buckling after the same strain (Figure 4.10b),
decreasing the conductivity of the electrodes [43].

4.3.4 Printed Organic Transistors with Uniform Electrical Performance

Besides the high mobility, the uniformity of electrical performance is a key issue
for printed electronic devices and systems to be used in practical applications.
However, improvement of performance uniformity of printed TFTs is gathering
less attention than improvement of high mobility. We proposed a simple
technique for fabricating printed TFTs and circuits with uniform performances
[44]. The combination of appropriate semiconducting materials with controlled
growth of semiconducting films enables printed TFTs with excellent electrical
uniformity. We used dithieno[2,3-d;2’,3’-d']benzo[1,2-b;4,5-b’]dithiophene
(DTBDT-Cy) as the organic semiconducting layer. A printed fluoropolymer
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layer was used as a confining bank layer, whereby the semiconducting layer was
printed in the area defined by the bank layer using dispensing equipment. These
printing techniques allowed accurate control of both the ink volume and the
patterned area of the semiconducting solution. To avoid random generation
of crystal grains, the dispensing point of the semiconducting ink solution was
moved away from the center of the channel (Figure 4.11a). The resulting domain
sizes of the semiconducting layer along the plane direction were more than
100 pm and the single-domain crystalline layers extended across the channel
region between the source and drain electrodes (Figure 4.11b). The flow of the
solution was constrained by the bank layer and S/D electrodes, allowing crystal
growth to occur along the channel of the TFT devices.

Both the drop volume and layer area of small-molecule semiconducting
solution can be controlled by the printing system, and this results in large
single-domain crystalline grains that grow reproducibly along the channel.
The organic TFT array with a 10 X 10 device layout on PEN film (Figure 4.11c)
exhibited exceptionally uniform electrical characteristics, as well as almost 100%
device yields (Figure 4.11d). The average carrier mobility obtained in this study
was about 1.1 cm? V=1 s71, which is higher than that of conventional amorphous
silicon (a-Si) TFT devices. The average threshold voltage is —0.12 + 0.09 V, which
corresponds to a 0.4% spread in the operation voltage of 20V (Figure 4.11e).
This remarkable uniformity for our printed devices is comparable to evaporated
TFT devices. Choosing an appropriate semiconducting material and developing
appropriate printing techniques are both needed to make printed organic TFTs
with superior electrical performance and uniformity.

4.3.5 Ultraflexible and Fully Printed Organic Circuits

Reducing the thickness of thin-film electronic devices is a primary goal in the
field of flexible electronics, because it will improve both the flexibility and light-
ness of such devices. Recent progress has reduced the total thickness of flexible
electronics to less than 1 pm [45], which makes electronic devices imperceptible
and conformable to human bodies with little or no mounting stress. There has
been a variety of applications using ultra-thin-film devices, such as integrated
circuits [46—49], light emitting diodes (LEDs) [8, 50], solar cells [31, 51], magne-
toelectronics [52], and sensors [45, 53—-55].

The combination of such ultrathin properties and printing technology enables
large-area, high-throughput manufacturing of imperceptible electronic applica-
tions. Although fabrication was originally based on the evaporation process, full
printing processes have been adapted to make ultrathin- and large-area devices
(Figure 4.12a) [47]. Printed ultrathin TFTs also possess high mechanical robust-
ness; for instance, no discernible change was detected in the electrical charac-
teristics of printed organic TFTs during the application of tensile strain with
a bending radius of 140 pm, and the change in mobility was only 1.6% under
this bending. When bent to a radius of 140 pm, the calculated strain was 0.5%
[38], which caused a small change in the electrical performance of the TFTs.
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Figure 4.11 (a) Schematic illustration of flow of semiconducting solution. The dispensing point of the semiconducting ink solution was moved away from the
center of the channel. Both bank layers and source/drain electrodes define the solution flow as shown by the red arrows in the figure. (b) Polarization
microscope image of printed DTBDT-C; layer on parylene-C surface with source/drain electrodes. (c) Circuit diagram of the TFT array. (d) Transfer
characteristics of 100 TFT devices in the array. (e) Distribution of threshold voltage as-measured results for 100 TFT devices in the array. (Fukuda et al. 2015 [44].
Reproduced with permission of John Wiley & Sons.)
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Figure 4.12 (a) Photograph of organic fully printed circuits fabricated on ultrathin films.

(b) Photograph (left) and transfer characteristics (right) of TFTs wrapped around a copper wire
with a radius of 140 pm. The TFT was measured in the bent and unbent states, with no
discernible changes in the characteristics due to bending. (c) Schematic illustration of
compression test. The compression forms out-of-plane wrinkles in the device, indicating the
multiple bends with small bending radii of less than 10 pm. (d) Transfer characteristics of a TFT
device operated under no strain (blue) and 54% compressive strain (red), demonstrating the
mechanical stability of the fully printed TFT. (e) Mechanical durability during repeated
compression and relaxation. The normalized mobility was plotted as a function of the number
of cycles. (Fukuda et al. 2014 [47]. Reproduced with permission of Nature Publishing Group.)

Additionally, the printed circuits were fully functional and almost unchanged
after 100 full cycles of 50% compression (Figure 4.13d).

Ultraflexible complementary D flip—flop circuits were also fabricated onto
1-pm-thick parylene film (Figure 4.13a and b) with a combination of newly devel-
oped printable n-type organic semiconducting material, benzobisthiadiazole-
based material [56], and p-type material. The fabricated D flip-flop operated
successfully at a voltage of 10V, which clearly demonstrates the 100% yield
of 40 TFTs composing each D flip-flop circuit including a buffer inverter
(Figure 4.13c). The D flip-flop circuits functioned correctly at a clock frequency

of 75 Hz, which corresponded to the estimated operating speed of the circuits in
simulations.
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Figure 4.13 (a) Photograph of ultraflexible D flip—flop circuits. (b) Circuit diagram of a D
flip—flop. (c) Dynamic characteristics with a clock frequency of 1 Hz and operating voltage of
10V. (Takeda et al. 2016 [49]. Reproduced under CC BY 4.0; https://www.nature.com/articles/
srep25714.)

4.4 Printed Biosensors

One of the most promising applications of printed TFT devices is in sensors
requiring both high sensitivity and selectivity for use in healthcare [29]. Besides
physical sensors, such as pressure or temperature sensors, chemical sensors that
can detect specific materials in bodily fluids represent another important appli-
cation for printed electronics. Creating low-cost electronic devices that monitor
the health conditions of a patient has the potential to extend and improve their
quality of life. Detection mechanisms for chemical species have been widely used,
some of which are compatible with printing technologies [57].

For biosensor applications, we used extended-gate-type organic TFTs based on
research work assuming that selective antibody detection is done in an aqueous
solution using organic TFTs. In the designed device, the main TFT part is sepa-
rated from the sensing site (the extended gate), enabling low voltage operation as
well as preventing degradation by water. A gold (Au) thin film was employed as
the extended-gate electrode, which easily allowed us to modify its surface with
receptors. The detection of biological materials is based on an antigen—antibody
reaction. A receptor can react to specific biological material (Figure 4.14). If the
material has an electric charge, the reaction causes a change of electrical capacity
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Figure 4.14 Schematic illustration of the organic TFTs with extended-gate electrodes.

between gate and source/drain electrodes then leads to a shift of threshold voltage
of the TFTs. The shift of the threshold voltage or change of source/drain current
has a correlation with the concentration of the target materials in the solution, so
the biosensors have both selectivity and quantitative capabilities. Changing the
types of receptors easily enables the sensors to work with different target mate-
rials. Several kinds of chemical species can be detected using printable organic
TFTs with extended-gate electrodes, such as immunoglobulin G (IgG) [58, 59],
glucose [60], cysteine [61], and Histamine [62].

To improve the sensitivity of the sensors, the amplifier circuit needs to sup-
press background noise and should augment only the small signals originating
from the detection target. A differential amplifier is typically used for this pur-
pose, and it requires the TFT devices to have uniform performance, because any
nonuniformity will lead to a shift in the origin (zero-point) of the output signals.
We fabricated a differential amplifier circuit consisting of two diode-load invert-
ers (Figure 4.15a) using uniform printed organic TFTs mentioned in Section 3.4.2
[31]. The two inverter logic gates in the differential amplifier circuit had nearly the
same input—output characteristics with reasonable small-signal gain values. For
the biosensor application, the two inputs of the amplifier were connected to two
extended gates (Figure 4.15b). Figure 4.15c shows the input—output characteris-
tics of the differential amplifier with two extended gates. The switching voltage
shifted from 0.57 to 1.16 V as the concentration of IgG on input A increased
from 0 to 50 pg mL™L. Figure 4.15d shows the relationship between the concen-
tration of target IgG on input A and the change in differential output voltage, as
calculated from the raw data. A positive shift in the input—output characteris-
tics of the differential amplifier with increasing concentration in target IgG was
clearly observed and a linear relationship was observed at low concentrations
(<15 ugmL1). As the extended gate was not printed metal, this technique rep-
resents an alternative to printed metals, such as gold nanoparticle inks [63].

The development of both printing technologies and functional inks enables
high performance and uniform printed circuits. The examples shown in this
chapter exemplify that printed electronic devices have great potential for
achieving novel applications that have particular properties such as disposability
(low cost) and large size. The combination of printing technologies with flexible
or stretchable substrates will open further novel electronic applications; the
ultrathin and stretchy properties enable imperceptible sensing systems that
attach softly onto human bodies and obtain biological information continuously.
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Figure 4.15 (a) Circuit diagram of fabricated differential amplifier. (b) Schematic illustration of
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Further development of conductive inks and printing technologies will accelerate
the industrialization of this new field of electronic applications.
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5.1 Introduction

5.1.1 Introduction of Flexible Photovoltaics

Smart electronic devices, such as mobile phones, wristbands, and tablet com-
puters, have become more and more popular worldwide. The increasing market
demand and growing brand competition lead to constant product updates. One
of the most essential challenges for these portable smart electronic devices is that
posed by the battery. People need to recharge their mobile phones frequently due
to the short-lasting batteries.

How to avoid frequent searching for an electric power supply, especially dur-
ing the outdoor use of your portable electronics? The extra portable Li battery
chargers are commonly used as the portable external power supply, particularly
for outdoor use. Another promising solution for outdoor power supply is the
portable photovoltaic devices, which may harvest the solar power and provide
electricity for your smart electronics.

As portable power devices, the photovoltaic panels or solar cells in your pocket
or backpack should have high sunlight-to-electricity conversion efficiency. They
should also be foldable or bendable and be of light weight. The flexible photo-
voltaic (FPV) technology is the most promising candidate to fulfill these require-
ments. FPVs are also called flexible solar cells. They are a kind of thin-film solar
cells that are made on flexible or bendable substrates, such as plastic plates or
metallic foils. They possess several advantages:

1) Flexible: The mechanical flexibility of FPVs leads to superior compatibility
with other elements of various shapes and sizes.

2) Light-weight: The thin and flexible substrates make FPVs suitable for the inte-
grations and applications where weight is important.

3) Printable: “Roll-to-roll” printing technology allows for the low-cost produc-
tion of FPV modules with various sizes and shapes.

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 5.1 Schematic illustration of a typical solar cell.

In this chapter, we mainly focus on the advances of FPV systems. Some basics of
solar cells are also briefly introduced. FPV systems based on varied materials are
reviewed, including the inorganic, organic, and organic—inorganic hybrid FPV
systems. The potential applications of these FPVs are also discussed.

5.1.2 Principles of Photovoltaics

Photovoltaics, as the name suggests, convert solar energy to electricity (direct
current and voltage). The typical photovoltaic device is a solar cell, which consists
of two layers of semiconductors with opposite polarity, as shown in Figure 5.1.
One is a positive (p-type) layer and the other is a negative (n-type) layer. When
the two semiconductor layers exist independently, they show electric neutrality.
When the two layers are combined together with close contact, a p—n junction
will be formed. At the contact interface in a p—n junction, electrons in the n-type
semiconductor layer will diffuse into the p-type semiconductor layer, as shown
in Figure 5.2a. The negative charge region is generated around the boundary in
the p-type semiconductor. Similarly, the positive charge region is also generated
around the boundary in the n-type semiconductor side (see Figure 5.2b). This
charge diffusion behavior will generate the space charge area, and establish the
build-in internal electric filed, with the direction pointing from the n-type semi-
conductor to the p-type semiconductor. The space charge area is also described
as the depletion region, which will eventually inhibit the further charge diffusion
behavior at the interface.

When a solar cell is irradiated by sunlight, electrons in the valence band of the
semiconductor photoactive layer will absorb the energy /v of incident photons. If
the energy of incident photons is larger than the bandgap of the semiconductor,
electrons in the valence band will have sufficient energy to jump into the conduc-
tion band; meanwhile, holes are left in the valence band, as shown in Figure 5.2c.
The photo-generated electrons near the p—n junction will access to the corre-
sponding side along the opposite orientation of the build-in internal electric field.
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Figure 5.2 The photovoltaic effect of the p—n junction.

Subsequently, the equilibrium between the build-in internal electric field and the
photo-generated electric field formed by photovoltaic effect results in the stable
photocurrent. The photo-generated electrons will then flow into the external cir-
cuit to power a load. After their work, the electrons will finally return to the
opposite electrode and recombine with holes generated in the valence band. This
is the complete process of photovoltaic effect.

The relationship between the above-mentioned photocurrent and voltage is
shown in the current—voltage (I-V) characteristics (Figure 5.3a). A solar cell can
provide constant current if the illumination intensity is stable. The photocurrent
is positively correlated with the incident light intensity.

From the I-V characteristic of a solar cell, several parameters can be extracted
to evaluate its performance. Figure 5.3b indicates some important points in the
J-V characteristic curve for the parameter calculation [1].

1) Open-circuit voltage (V.). V. for a solar cell is the voltage measured under
the open-circuit condition where the device terminals are isolated. It is the
intersection of -V characteristic curve with the axe I = 0.
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Short-circuit current (1) is the current measured under the condition where
the device terminals are connected directly. On account of the roughly
proportional relationship between the current and the effective illuminated
area, the I, is often replaced by the short-circuit current density (J,.) which is
the intersection of J-V characteristic with the axe V = 0.

The ], has a very close relationship with the incident spectrum as described
in the following equation:

Jee =4 / JSon(MQE(4) d4 (5.1)

where g is the electron charge (g = 1.6 x 107 C); f »h(4) is the incident spec-
tral photon flux density, that is, the number of the incident photons at a certain
wavelength (4) in unit time and on unit area; and QE(A) is quantum efficiency,
namely the probability that a photon of energy E = hc / A can drive an electron
into the external circuit.

The QE(4) of a material for a solar cell depends on four factors other than the
incident spectrum:

a) The absorption capacity of the material.

b) The charge diffusion efficiency.

¢) The charge separation efficiency.

d) The charge collection efficiency of the device.

Power density (P) of the cell is

P=JV (5.2)

When P reaches the maximum (maximum power, P,,) at the maximum power
point of the cell, the maximum operating voltage (V) is delivered with a cor-
responding maximum current density (J ). As shown in Figure 5.3b, the area
of the smaller inner rectangle represents P, =] - V,,, and the larger outer
rectangle has an area of J, - V.
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4) Fill factor (FF) is thus defined as the ratio of these two areas:
IV
B ]sc : Voc

5) Power conversion efficiency (PCE, n) is the specific value of P, and the incident
light power density (P,):

FF (5.3)

P
= 5.4
=7 (5.4)
Then # has a relationship with /. and V. through FF:
_ ]sc : Voc - FF

P (5.5)

S

Herein, these four parameters (/., V., FF, and #) are able to describe the per-
formance characteristics of a solar cell comprehensively.

From Eq. (5.5), it can be seen that # is closely related to P,. In order to make
the efficiencies of different solar cells to be effectively comparable, it is necessary
to express a fixed P, under standard solar illumination conditions. The prevailing
standard test condition (STC) for solar cells is described further.

Photovoltaic modules, regardless of materials, structure, and design, are com-
monly measured under the Air Mass 1.5 spectrum (AM 1.5G), an incident power
density P, = 100 mW cm™2, and at an ambient temperature T = 25 + 1°C.

5.1.3 The Flexible Substrates

To realize large-scale and low-cost “roll-to-roll” production, the flexible substrate
materials are essential to the FPVs. They usually need to possess the following
characteristics: (i) low cost and widely available raw materials, (ii) sufficient
strength to withstand the tension stress during the preparation process, (iii) high
thermal stability to adapt to the heating process, and (iv) thermal expansion
coefficient matching with the photovoltaic materials.

Currently, there are mainly two kinds of substrate materials for flexible solar
cells and metals as well as for alloys and polymers [2].

5.1.3.1 Metals and the Alloys

Using flexible metal and alloy materials as the substrates for thin-film solar cells
allows high substrate temperature to deposit thin-film photovoltaic materials.
Some examples of the metal substrates are stainless steel, titanium, aluminum,
nickel, zinc, molybdenum, chromium, Inconel alloy (61% Ni, 22% Cr, 9% Mo,
and 5% Fe), and so on. Among these candidates, stainless steel has been widely
used as the substrate material for the flexible thin-film solar cells due to its
advantages, such as high temperature resistance, corrosion resistance, superior
conductivity, and malleability. Stainless steel substrates are also beneficial to
the low-cost “roll-to-roll” fabrication processes, and great economic value can
be realized from the large-area and continuous “roll-to-roll” production of
solar cells.

109



110

5 Flexible Photovoltaic Systems

5.1.3.2 Polymers

Most organic polymer film materials have small densities and high-impact
resistance. Generally, they are lightweight, flexible, and portable. These are
compatible with the high-yield and low-cost “roll-to-roll” printing technology.
Polymer substrates, such as polyethylene terephthalate (PET), polyethylene
naphtalate (PEN), and polyimide (PI), are commonly used as the flexible
substrates. Even paper can be considered as a flexible substrate as well. With
comparison to the fragile glass substrates, polymeric flexible substrates could
present the smaller strain during the film fabrication process because of their
flexibility. They also exhibit the comparable light transmittance with the con-
ventional glass substrates. Although these flexible polymeric materials could
replace glass substrates to some extent, they could not survive high temperatures
due to their relatively low glass-transition temperature (7',). Working at the
temperature above T',, the polymeric materials will transit from the glassy and
hard state to the rubbery and soft state. Thus, the film-forming temperature of
the photovoltaic materials needs to be lower enough to ensure their depositions
on the polymeric flexible substrates.

5.1.4 The Types of Flexible Photovoltaic Systems

To date, four generations of solar cell technologies have been developed [3]. As it
is widely known, the first generation solar cells, which are made of bulk crystalline
silicon, are dominating the current photovoltaic market. The second generation
solar cells are based on the inorganic thin-film photovoltaic materials. Examples
include amorphous silicon solar cells, copper indium gallium selenide (CIGS)
solar cells and cadmium telluride (CdTe) solar cells. The third generation solar
cells involve a number of organic semiconducting materials and are described
as organic solar cells. The fourth generation solar cells are developed based on
the organic—inorganic hybrid material system. A representative example of the
fourth generation is perovskite solar cell (PerSC), which is currently leading a new
wave of solar cell research due to its high efficiency and low production cost. At
present, the first and second generation solar cell technologies have been matured
for commercial applications, while the third and fourth generation solar cells are
still experiencing the vigorous development phase. All of these photovoltaic tech-
nologies can be utilized to generate FPV devices. More details will be presented
in the following sections.

5.2 Flexible Inorganic Photovoltaic Systems

5.2.1 Flexible Silicon Photovoltaics

Silicon solar cells are widely used because of their excellent and convincing reli-
ability. As there is a thorough understanding about their physical characteristics
and principles, silicon solar cells are rather mature to be the mainstay in the solar
energy industry [4].

There are three types of silicon wafers: monocrystalline silicon (m-Si), poly-
crystalline silicon (p-Si), and amorphous silicon (a-Si) [5]. The conventional
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crystalline silicon solar cells based on bulk m-Si and p-Si often suffer from high
consumption of direct and indirect materials, shortages of silicon supplies and
laborious processing steps. Then, the thin-film silicon solar cells based on a-Si
have emerged to meet the critical requirements for low material dosage and
simplified process technology. The a-Si wafer is much thinner than the bulk
crystalline silicon (m-Si and p-Si) wafers, which results in that the thickness
of the a-Si thin-film solar cell can be 300 times less than that of a traditional
crystalline silicon counterpart [6]. In addition, the a-Si thin-film solar cells
require only half as many process steps as the ones based on crystalline silicon.
More importantly, the a-Si solar cells can make far more effective use of solar
light than the crystalline silicon-based counterparts. These advantages could
translate into reduced cost, light weight, and compatibility with automated
processing technique. All the considerations mentioned above also therefore
offer promising opportunities for flexible Si-based thin-film solar cells with
broad applications such as embedding into walls, roofs, and windows.

For the flexible a-Si solar cells, a triple-junction device structure design has
been a breakthrough because of the stability and high power conversion efficiency
[7]. The structure of a typical flexible multijunction a-Si solar cell is shown in
Figure 5.4. The metal/zinc oxide (metal/ZnO) back reflection layer is deposited
on the flexible stainless steel or plastic substrate, followed by a triple junction
a-Si/a-SiGe/a-SiGe), then the indium tin oxide (ITO) electrode and conductive
grids are deposited on the top.

Within this triple-junction structure, three cells with different bandgaps are
stacked layer by layer. The top cell takes advantage of a-Si alloy with a bandgap
of ~1.8€V as the intrinsic (i) layer to absorb blue photons. The amorphous

—

Light

— p: u-Si
\ Py I }Top cell
\ i a-Si _— n:aSi
§ P8 L widgle cell
\ _ T pweSi ]- Bottom cell
\ i, a-SiGe — n:a-Si
Zinc oxide

eflector

Metal ¢

Figure 5.4 Schematic illustration of a flexible triple-junction silicon solar cell, where p-Si
represents microcrystalline silicon.
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silicongermanium (a-SiGe) (Ge content: 10-15%) middle cell with an optical gap
of ~1.6 €V is used to capture green photons. Another a-SiGe (~1.4 eV) intrinsic
layer with a high Ge content (about 40-50%) is ideally suited for the bottom cell
to absorb red and infrared photons. When the solar light is irradiated from the
ITO side of the cell, it runs through the three semiconductor absorption layers
within the triple-junction in sequence. Some photons still cannot be absorbed,
which will be reflected by the metal/ZnO back reflector and reabsorbed by this
triple-junction structure. Thus, the flexible a-Si solar cells could capture the
incident photons more efficiently, leading to the enhanced photon-to-electron
conversion efficiencies and improved power outputs. It is also reported that the
hydrogenation treatment for the amorphous Si materials is crucial to improve
the performances of the a-Si- or a-SiGe-based multijunction solar cells [8].
Based on a similar device design shown in Figure 5.4, hydrogenated a-Si (a-Si:H),
hydrogenated a-SiGe (a-SiGe:H), and hydrogenated nanocrystalline Si (n-Si:H)
layers have been stacked together onto the flexible substrates to deliver enhanced
device efficiency.

To fabricate flexible a-Si solar cells, the most commonly used process is based
on the low-temperature chemical vapor deposition (CVD), which could be incor-
porated with the “roll-to-roll” technology to realize the continuous production
[9]. In this “roll-to-roll” production, rolls of stainless steel with fixed width are
used as the substrates to deposit solar cells. The production line comprises four
machines to achieve the continuous device fabrication: (i) the washing machine
to clean the roll of stainless steel; (ii) the sputtering system to deposit the back
conducting and reflection layer (metal/ZnO) on the cleaned stainless steel rolls;
(iii) the CVD equipment for the depositions of stacked a-Si and a-SiGe alloy lay-
ers; and (iv) the antireflection coating machine for depositing the ITO transparent
conducting film on the top of the stacked photoactive layers.

After being connected to the suitable electrode grids, the flexible solar cells
are then encapsulated with the high-stability, UV-resistant, and weather-defying
polymer films. In brief, a fluorine-containing polymer is coated on the top and a
polyester material as adhesive is placed at the bottom side of the resulting device.
After lamination and encapsulation, these finished solar cells benefiting from
flexibility and light weight can be broadly used to charge storage batteries or even
combined to the large-scale grid-connected systems.

In comparison with the conventional monocrystalline silicon cells, the
above-mentioned flexible a-Si solar cells often suffer from the tradeoffs between
performance and robustness. Although monocrystalline wafer is too rigid to
achieve the flexible purpose, there are still some reported efforts that demon-
strated the flexible function based on the high performance m-Si cells. For
example, a research team led by Prof. John A. Rogers has developed a novel
design to fabricate flexible arrays of tiny silicon solar cells (see Figure 5.5) [10].
These flexible modules incorporate the assembled arrays of interconnected
microcells, and thus do not come with the tradeoff issues. An incorporation of
etching and transfer-printing technique was utilized to fabricate this kind of
flexible m-Si solar modules. The resulting arrays have sustained a comparable
efficiency as the conventional cells although their thickness is only one-tenth
that of conventional counterparts.
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Figure 5.5 (a) Optical image, (b) schematic illustration, and (c) photovoltaic performance of
mechanically flexible modules that incorporate arrays of interconnected microcells. (Yoon
etal. 2008 [10]. Reproduced with permission of Nature Publishing Group.)

5.2.2 Flexible Copper Indium Gallium Selenide Photovoltaics

CIGS thin-film solar cells emerged in the mid-1970s, including copper indium
selenide (CIS), CIGS, copper gallium selenide (CGS), and copper indium gallium
selenide sulfur (CIGSS). They have rapidly moved to the forefront of thin-film
solar cells due to their excellent conversion efficiency. CIGS, a kind of direct
bandgap solid-solution semiconductor, belongs to the chalcopyrite crystal
structure. By adjusting the Ga content, the energy gap of CIGS materials can be
tuned between ~1.04 eV for pure CIS and ~1.68 eV for pure CGS. CIGS has been
regarded as the most promising photovoltaic material because of its superior
optical absorption coefficient [11].

Compared with a-Si, there are much fewer internal defects in the CIGS thin
films. Hence, the solar cells based on CIGS film show better device stability, with
a lifetime of up to 25 years. In fact, the migration of copper ions within the CIGS
film can fix defects through a self-healing mechanism during actual operation of
solar cells [12]. Thus, the performance of the CIGS module will gradually increase
with time. This interesting phenomenon is quite different from the light-induced
degradation [13] or Staebler—Wronski effect for a-Si solar cells [14].

Furthermore, the CIGS thin films can also be available on the flexible substrates
to manufacture flexible solar modules [15, 16]. Figure 5.6 shows the structure of
a typical flexible CIGS thin-film solar cell. A flexible CIGS solar cell usually con-
sists of the following parts: substrates (metal foils or plastics), back contact (Mo),
light-absorbing semiconductor layer (CIGS), buffer layer (CdS), and transparent
conducting window layer (ZnO/ITO).

Dating back to 1993 [17], small-area flexible CIGS solar cells were already
fabricated on the molybdenum foils and titanium foils. The CIGS thin films
can be deposited on the flexible substrates with various approaches including
the co-vapor deposition method, sequential sputtering process, nonvacuum
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printing/spraying of metal oxides, and electrodeposition technology, followed by
the selenium process. Subsequently, a report in 2000 comprehensively reviewed
that there were considerable obstacles on the road to the commercially available
and large-scale production of CIGS-based solar cells [18]. The most important
issue was “the complexity of the material and the manufacturing processes.”
Actually, researchers all over the world continue to explore the simple wet
chemical solution method with lower manufacturing cost for CIGS thin films.
This is also what a company named Nanosolar located in California, United
States, has done [19]. In 2007, they first realized the commercialization of the
flexible CIGS thin-film solar cells based on ink printing technology. They have
developed a kind of nanostructured CIGS printing ink recipe and utilized the
simple inkjet printing approach combined with “roll-to-roll” technology to
fabricate highly efficient flexible CIGS devices on aluminum foils. From a tech-
nological perspective, one of the core challenges is in the use of homogeneous
and stable printing ink. As shown in Figure 5.7, this new nanoink is a kind of
polymer suspension containing a uniform mixture of CIGS nanoparticles. In
large-scale printing, four kinds of atoms (Cu, In, Ga, and Se) will be deposited on
the substrates with fixed element proportion if the nanoink remains chemically
stable. It is more advantageous than the vacuum deposition technique used
before since the latter needs a real-time adjustment for the proportion of each
element used. Through this inkjet printing approach combined with “roll-to-roll”

Figure 5.6 Schematic illustration of a
typical flexible CIGS thin-film solar cell.

Figure 5.7 The CIGS nanoink of
Nanosolar. ( Photocourtesy: Nanosolar
Corporation.)
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technology, uniform, stable, and flexible CIGS solar cells have been processed
with a highly efficient output.

5.3 Flexible Organic Photovoltaic Systems

Organic photovoltaics (OPVs), as the third generation solar cells, are usually
formed by sandwiching organic active layers between two different electrodes
with different work functions. The organic active layer is composed of conjugated
organic donor materials blending with acceptor materials, and therefore, OPVs
are also called “plastic solar cells.” OPV devices have a potential advantage of
low-cost fabrication using spin-coating or roll-to-roll printing. More importantly,
they are compatible with the large-scaled flexible and stretchable substrates, and
conjugated polymers are nontoxic. In the following text, we will briefly introduce
the fundamental properties of organic semiconductors, the architecture, and the
working mechanisms of OPV devices, as well as flexible OPV.

5.3.1 Fundamental Properties of OPV Materials

Prior to the 1970s, traditional polymers have been normally regarded as insu-
lators resulting from the only 6-bonds formed between the neighboring carbon
atoms [20]. Subsequently, a significant research breakthrough on the conduct-
ing and semiconducting nature of polymers has been achieved by the doping
process [21]. Then, exploiting its optoelectronic properties the photovoltaic com-
munity throughout the world started to focus on exploiting its optoelectronic
properties rapidly. Semiconducting properties of the emerging organic materials
or polymers mainly depend on these molecules with conjugated chains of carbon
(see Figure 5.8a,b), that is, molecules with alternative single- and double-bonds.
For the conjugated organic molecules, each carbon atom enables to bind only
three adjacent atoms, leaving one electron per carbon atom in the p, orbital. The
mutual overlapping between these p, orbitals forms n-bonds along the conju-
gated backbone; thereby the resulting x electrons within the organic molecules
are delocalized within the conjugated system. The delocalized = electrons fill up
the whole energy band in the solids as shown in Figure 5.8c, conjugated poly-
mers are thus intrinsic semiconductors. The filled © band is called the highest
occupied molecular orbital (HOMO) and the empty n* band is called the lowest
unoccupied molecular orbital (LUMO).

Compared with the traditional inorganic semiconductors, a major difference
is the presence of weak interaction between organic molecules in organic solids,
leading to the delocalized electrons in organic solids with hopping transport (not
energy-band transport). This makes the optoelectronic properties of organic
semiconductors different from inorganic semiconductors [21], such as absorp-
tion, transport gaps, charge carrier separation, and transport. Typically, the
photo-generated “electron-hole” pairs in organic materials are totally different
from those in inorganic semiconductors. There is a large electrostatic force
between these “electron—hole” pairs because of the low dielectric constant of
organic materials [21], and therefore these neutral electron—hole pairs are not
always freely mobile before dissociating under external electrical fields.
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(a)

Figure 5.8 Benzene: (a) Kekulé structure, consisting of two resonance (mesomerism)
structures. (b) Visualization of the location of the lowest bonding n-orbital. (c) The position of
the six energy levels resulting from the overlap of the six p, orbitals. The more nodes found in
the wave function, the higher is the energy. (Reproduced from Ref. [20], with permission.)

5.3.2 Device Structure and Working Mechanisms

The first OPV device was made by sandwiching a single organic layer between
two electrodes with different work functions [21], but the device efficiency is very
low due to the lack of an effective heterojunction interface for the “electron-hole”
pair (i.e., excitons) dissociation. Thus, the early OPV device has drawn little atten-
tion. As a milestone in 1986, Tang have proposed a bilayer planar heterojunction
OPV device based on the p-type copper phthalocyanine (CuPc) and the n-type
perylene tetracarboxylic derivative (PTCD) [22]. In this structure, the CuPc layer
plays an electron-donating role while the PTCD layer serves as an acceptor, and
ultimately a PCE of about 1% was achieved under the simulated AM 2 illumina-
tions (691 W m~2). In the double-layer structured OPV devices, “electron—hole”
pairs will be photo-generated within the layers of CuPc donor and PTCD accep-
tor. These excited “electron—hole” pairs may lose their energy via radiative and
nonradiative recombination. When the excited “electron—hole” pairs diffuse to
the donor/acceptor interface before their energy loss, they are likely to be dis-
sociated and then collected by the corresponding electrodes. As a consequence,
the heterojunction interface between the donor and acceptor plays a very impor-
tant role in governing ultimate device performance. The underlying reason for
this is that excitons have a short lifetime and low mobility in the organic solid
film, resulting in the short diffusion length of just ~10nm [23]. Therefore, it is
necessary to improve the charge carrier dissociation efficiency by increasing the
contact interfaces between the donor and the acceptor.

To address this issue, in 1995, Prof. Alan J. Heeger and coworkers firstly
reported bulk heterojunction-based organic photovoltaics (BHJ-OPVs) [24].
In their report, simply blending the electron donor (p-type) with electron
acceptor (n-type) in the solution produced the thin film with bi-continuous and
interconnecting network after post-annealing treatment. This condensed thin
solid film, namely “bulk heterojunction” as shown in Figure 5.9a, could offer
sufficient charge transfer pathways and achieve a PCE of over 3% [24] at that
time. The attractive solution indeed improves the charge transfer from donor
to acceptor within the organic active layer (i.e., a blending layer of donor and
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Figure 5.9 (a) lllustration of bulk heterojunction with bi-continuous interpenetration network
of polymer and acceptor. (b) Schematic energy level diagram of a bulk heterojunction organic
photovoltaic under a bias voltage. Red arrows indicate the transfer direction of the electrons
and blue arrows point in the transfer direction of the holes.

acceptor, hereafter called organic active layer). However, a new challenge is
that the photo-generated “electron—hole” pairs are required to migrate to their
respective electrodes before recombination through the organic active layer.
This suggests that the structure and morphology control of organic active layers
are of significant importance to enhance photo-generated “electron—hole” pairs’
transport and collection [24]. In order to get a better understanding on why the
optimized device architecture and morphological control can improve device
efficiency, the working mechanisms of the BHJ-OPV would be introduced first,
as shown in Figure 5.9b.

A major process for the BHJ-OPV device involves the creation of free carriers
from incident sunlight. The commonly accepted mechanism of charge generation
in an organic active layer is that incident sunlight is absorbed by organic active
layer to generate “electron-hole” pairs (also known as excitons), mostly by the
donor materials [25]. Excitons need to diffuse to the interfaces between the donor
and the acceptor materials, where the charges transfer from the LUMO level of
the donor materials to the LUMO level of the acceptors if the energy level offset
between these two LUMO levels is equal to or over 0.3 eV [25]. This process is also
called “exciton dissociation” or “charge carrier generation.” Subsequently, driven
by an internal electric field, electrons or holes as charge carriers are transported
toward the cathode or the anode, where they are extracted. Another possible
mechanism involves a Forster resonance energy transfer (FRET) from the donor
to the acceptor. In this mechanism, excitons are generated in the acceptor instead
of the donor, followed by exciton dissociation via hole transfer to donor.

Voo Jso» and FE, are critical device parameters that are closely correlated with
the working mechanisms mentioned earlier [26]. The V _ is directly linked to
the energy difference between the LUMO level of the acceptor and the HOMO
level of the donor. This energy difference provides the primary driving forces
for charge separation. The J, critically depends on the light absorption, charge
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carrier transport and collection. Utilizing a broader solar spectrum and enlarging
the energy level difference between the HOMO level of the donor and the LUMO
level of the acceptor are the most promising strategies to deliver high values of J,
and V. [27], respectively. A high FF is advantageous and indicates that a fairly
strong photocurrent can be extracted close to the V' [25]. In this range, the inter-
nal field in the device assisting the charge separation and transport is fairly small.
Consequently, a high FF can be obtained when the balanced charge transport
could be realized.

5.3.3 Materials and Methods for OPV

Conjugated organic materials are one of the most important factors to govern the
conversion efficiency of solar energy to electricity for flexible OPV devices. The
commonly used organic polymers in the flexible OPV devices are identical to con-
ventional materials used in the nonflexible ones. In general, a BH]J active layer in
OPV is composed of a conjugated polymer as electron donor and an organic com-
pound as electron acceptor. At present, the OPV devices are usually fabricated
by a solution-processed method or a thermal evaporation process. Compared
with the thermal evaporation process, the simple solution-processed protocol
has attracted more attention because the solution-based process exhibits great
potentials for low-cost device fabrication and is compatible with the printing pro-
cess for flexible devices.

Among the solution-processed conjugated donor polymers, poly[2-methoxy-5-
(2’-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) was the earliest electron-
donating material. By combining with fullerene derivative acceptors, such as
phenyl-C,, -butyric acid methyl ester (PC, BM), the MEH-PPV:fullerene blend
could be used as the photoactive layer and generate the solution-processed
BHJ-OPV devices, but the device efficiencies based on MEH-PPV were not
high [26]. Later, poly(3-hexyl)thiophene (P3HT) became another commonly
used donor material. The highest PCE of 4.0-5.0% [28, 29] was achieved for the
OPV based on P3HT:PC; BM blend, but the V is only 0.6 V. As mentioned, in
the OPV with a BHJ structure, V is directly proportional to the energy level
difference between the HOMO level of the donor and the LUMO level of the
acceptor. This means that an increase in the energy difference between donor
and acceptor materials might have enhanced the V for the device. Introducing
a low density of alky side chain into the P3HT backbone (i.e., P3BHTDTT) can
significantly lower the HOMO level to —5.2 eV and result in the V_ increasing
to 0.82V [30], as shown in Figure 5.10. By replacing alkyl groups with alkyl ester
groups, the electron-withdrawing ability of ester substituents could lead to a
HOMO level of —5.10 eV and a V. of 0.78 V without sacrificing the bandgap
and absorption spectrum [31]. Recently, a novel PTCD with one alkyl ester
substituent for every two thiophene units has been synthesized [32], and the
function of stronger electron-withdrawing has further decreased the HOMO
level to —5.26 eV. The ultimate V', of 0.91V is among the highest values for the
OPV devices based on P3HT derivatives.

To improve the PCEs of the BHJ-OPV, one approach is to increase V. by
tuning the energy difference of two energy levels between donor and acceptor.
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Figure 5.10 Examples for introducing functional substituents to increase V_ of the OPV
based on conventional P3HT donors [30-32].

The other approach is to broaden the light absorption to the infrared region of
the solar spectrum. This means that the light absorbing materials should have
a smaller bandgap to utilize more sunlight. Therefore, tremendous efforts have
been devoted to improve device efficiency by designing new polymers with low
bandgap and high absorption coefficient. For example, a new low band-gap poly-
mer, named poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b"]dithio-
phene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), has shown to broaden
the absorption to 900nm [33]. Similarly, thieno[3,4-b]-thiophene (TT) and
benzodithiophene (BDT) alternating units were successfully introduced into
the polymers and a PCE of over 7% has been realized by using this polymer
system [32]. Also, acceptors with broader light absorption range have been
extensively studied, such as [6,6]-phenyl C,; butyric acid methyl ester (PC,,BM),
which is the derivative of C,, fullerene and possesses higher absorption coeffi-
cient in comparison with PC;BM [26]. In addition to the fullerene derivative
acceptors, nonfullerene acceptor materials have also attracted increasing
attention. One of the representative examples is 3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone)) (ITIC), which was developed by Prof. Zhan at
Peking University [34]. A PCE of over 11% has been achieved based on the ITIC
acceptor system [35].

5.3.4 Recent Advances in Flexible OPV

Currently, the OPVs are deemed to be one of the most promising flexible pho-
tovoltaic devices because they are nontoxic and are compatible with garments
and textiles [36]. At present, the typical device configuration for flexible OPV
devices is ITO-coated PET/PEDOT:PSS/organic active layer/Ca or LiF or BCP or
Bphen/Al, in which the organic active layer varies from traditional PBHT:PC,, BM
blend to a highly efficient PTB7-Th:PC,,BM blend [33]. As a photovoltaic device
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for flexible or bendable application, it is necessary to consider not only the
flexibility but also the stretchability of the devices. Stretchable OPV devices have
been fabricated directly on prestretched 200-500-pm-thick polydimethylsiloxane
(PDMS) substrate, which can then obtain 27% strain reversibly [37].

For both the stretchable and flexible OPV devices, the actual OPV device
layers only constitute < 0.25% of the total device thickness. Therefore, achieving
stretchable and flexible OPV on the ultrathin and lightweight substrates is
still a challenge. Very recently, Bauer et al. have presented ultrathin, light,
flexible, and compliant OPV devices on only 1.4-pm-thick PET substrates
[37] (Figure 5.11a,b), where the total thickness of the device is less than a
typical thread of spider silk. Figure 5.11c shows the flexible OPV device on a
100-pum-thick prestretched 3 M VHB 4905 elastomer. More importantly, as the
compressive strain of the elastomer is progressively increased to 30%, it is found
that the device becomes wrinkled. The flexible OPV is to be stretched back to

Metal electrode

(115 nm Ca/Ag)
Active layer \

(200 nm P3HT:PCBM)

Transparent electrode
(150 nm PEDOT:PSS)
Flexible substrate ___
(1400 nm PET)

(a)

(d)

Figure 5.11 (a) Scheme of the ultralight and flexible organic solar cell. (b) Extreme bending
flexibility demonstrated by wrapping a solar cell around a 35-pm-radius human hair. Scale bar
is (also in c,d) 2 mm. (c) Stretchable solar cells made by attaching the ultrathin solar cell to a
prestretched elastomer. (d) The device attached to the elastomeric support, under
three-dimensional deformation by pressure from a 1.5 mm-diameter plastic tube. (e) SEM
image of the PET surface of the solar cell in compressed state. (Kaltenbrunner et al. 2012 [37].
Reproduced with permission of Nature Publishing Group.)
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the prestrain defined by the elastomer. The test of the extreme conformability of
an ultrathin flexible OPV is presented by deforming the OPV on an elastomeric
substrate with a plastic tube of 1.5 mm tip diameter in Figure 5.11d. Scanning
electron microscopy (SEM) image (in Figure 5.11€) of the compressed OPV
device highlights the random wrinkles with extremely small bending radii.

Flexibility and stretchability of the flexible OPV devices not only depend on
substrates, but also are influenced by organic active layers due to the brittle crys-
talline feature of the fullerenes. All-polymer or nonfullerene OPV devices, con-
sisting of polymer-donor and organic/polymer-acceptor materials, both possess
many advantages over polymer-fullerene counterparts, including tunable chemi-
cal and electronic properties as well as enhanced stabilities. In recent years, many
efforts have been devoted to developing optimal combinations of polymer-donor
and polymer-acceptor materials with well-defined heterojunction morphologies.
Among the nonfullerene acceptors, naphthalene diimide (NDI)-based copoly-
mers have been the most successful polymer acceptors with low LUMO level and
high electron mobility in the flexible OPV devices.

In order to compare the differences between the mechanical properties
of PCy;BM-based OPVs and all-polymer OPV devices, the tensile charac-
teristics of PBDTTTPD:PC,,BM and PBDTTTPD:P(NDI2HD-T), mixing
films have been tested by Kim et al. [38]. In their work, they first compared
a quantitative difference of the mechanical properties of these two films.
Figure 5.12a shows the stress—strain curves of the PBDTTTPD:PC,;BM and
PBDTTTPD:P(NDI2HD-T) blend films. Here, they mainly determined the
elastic modulus and the elongation at break of the PBDTTTPD:PC,BM
(1:1.5 w/w) blend films, which reached 1.76 GPa and 0.12%, respectively. The
mixing PBDTTTPD:PC,;BM organic active layer with different blend ratios
obtained a similar tensile modulus of 0.80 GPa and an elongation at break of
0.30%. Interestingly, as illustrated in Figure 5.12b, it was observed that there
was a decrease in brittleness as the PC; BM content was lowered, which
was consistent with previous reports and suggested that PCg;; BM acceptor
is the performance-limiting factor [32]. Moreover, it is noted that the tensile
modulus of the PBDTTTPD:P(NDI2HD-T) blend film was only 0.43 GPa, and

14 | » PBDTTTPD:PCBM (1:1.5) 580 B
1o | ® PBDTTTPD:PCBM (1:0.5) ~ 570} ~568.7 Jm
a PBDTTTPD:P(NDI2HD-T) = 560
&10r 0.43 GPa >
2 gl 3550f
1] -
g 6" g 30}
@ 4t | 5 20
U 3
2 + Elongation ~0.12% Elongation 2 10t ~
+ Elongation ~0.30% ~716% Aogmd  ~84Jm
0 L L L 0
0.00 0.02 0.04 0.06 0.08 PBDTTTPD PBDTTTPD  PBDTTTPD
(a) Strain (b) :PCBM (1:15) :PCBM (1:0.5) :P(NDI2HD-T)

Figure 5.12 Tensile test of PBDTTTPD:PC,,BM and PBDTTTPD:P(NDI2HD-T) blend films. (a)
Strain-stress curves and (b) toughness of PBDTTTPD:PCBM and PBDTTTPD:P(NDI2HD-T) blend
films. (Kim et al. 2015 [38], https://www.nature.com/articles/ncomms9547. Used under CC BY
4.0 https://creativecommons.org/licenses/by/4.0/.)
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its elongation at break of PBDTTTPD:P(NDI2HD-T) mixing layer was 7.16%,
which was a 60-fold enhancement over that of PBDTTTPD:PC,, BM.

Highly efficient and mechanically robust all-polymer flexible OPV devices
have been fabricated by using poly[4,8-bis(5-(2-ethylhexyl) thiophen-2-yl)
benzo[1,2-b:4,5-b,]dithiophene-alt-1,3-bis(thiophen-2-yl)-5-(2-hexyldecyl)-4H -
thieno[3,4-c]pyrrole-4,6(5H)-dione] (PBDTTTPD) as the electron donor and
poly[[N,N-bis (2-hexyldecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,50-thiophene] (P(NDI2HD-T)) as the electron acceptor. The all-polymer
OPV based on this donor/acceptor pair of PBDTTTPD and P(NDI2HD-T) has
exhibited a PCE of 6.64%, which is higher than that of PBDTTTPD:PCBM-based
BHJ-OPVs (PCE of 6.12%) [38]. The better performance was attributed to the
high V. of 1.06 V and the optimized BH]J active layers of polymer donor and
acceptor with favorable interfacial interactions. Compared with fullerene-based
blend films, all-polymer blend films offer superior flexibility, stretching, and
bending properties.

In addition to the active layer, the investment in the electrodes is also impor-
tant to achieve the improved flexibility for OPV devices. The commonly used
conductive electrode is the ITO substrate which is brittle and not perfectly com-
patible with the flexible devices [36]. A promising replacement for the rigid ITO
electrode is the silver nanowire-based electrode [39, 40], which has shown much
better mechanical properties with similar optical and electrical properties. More-
over, the silver nanowire-based transparent electrode could also be used as both
the bottom and top electrodes for OPV devices [40]. This may deliver the semi-
transparent flexible OPVs, which might open the door for more applications than
can be envisioned.

Overall, the most critical challenges for the flexible OPV arise from the rela-
tively low device efficiency and the tolerance for large mechanical stress in bend-
ing tests. The enhancements in both the device efficiency and the mechanical
properties will be the focus of future research and can be expected by optimiz-
ing device architecture or developing new materials (interface, photoactive or
electrode materials).

5.4 Flexible Organic-Inorganic Hybrid Photovoltaic
Systems

After silicon solar cells (the first generation), CIGS thin-film solar cells (the sec-
ond generation), organic thin-film and dye-sensitized solar cells (DSSCs) (the
third generation), a new type of solar cells based on hybrid organic—inorganic
halide perovskite, namely PerSCs, have emerged as the next-generation photo-
voltaics. The first attempt to use perovskite as a sensitizer in the liquid electrolyte
DSSCs can be tracked back to 2009, and an initial efficiency of 3.8% was reported
by Miyasaka and his colleagues [41]. But it has drawn little attention due to poor
device stability and since 2012, several impressive works on the solid-state PerSCs
have been established [42—-44], which have successfully addressed the degrada-
tion issue for hybrid perovskite materials in the liquid electrolyte. Since then,
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researches on PerSCs have experienced an unprecedented rapid development
and have rapidly risen to the forefront of the emerging photovoltaic systems.

Based on their amazing progress, the development of PerSCs has been elected
as one of the 10 breakthroughs by Science in 2013 [45]. In less than 7 years, the
record certified efficiency for PerSCs has reached as high as 22.1% [46]. Such
developing rates are far more beyond that of the rest of the solar cells in the
photovoltaic community. The fast development of PerSCs is attributed to sev-
eral superiorities in the organic—inorganic hybrid perovskite materials [47]. For
example, the materials possess high absorption coefficient across the visible spec-
trum and ensure the efficient capture of visible photons; the low exciton-binding
energy in the perovskite materials enables long electron—hole diffusion length
and facilitates the efficient charge extraction. Moreover, both the wet solution
process and low temperature treatment in the device fabrication have provided
the PerSCs with great potential for the FPVs [48].

5.4.1 Fundamental Properties of Perovskites

Perovskite [47] is a generic term for a type of compound whose crystal structures
are the same as that of calcium titanium oxide (CaTiO;). The general formula
of these compounds can be expressed as ABX; as shown in Figure 5.13. Specif-
ically, the sites of “A,” “B,” and “X” stand for different elements in the hybrid
organic—inorganic halide perovskites. The larger “A” cation represents organic
cations, such as methylammonium (CH;NH;*, MA*) and formamidinium
(CH(NH,),*, FA*). “X” anion is halogen, generally iodine, although bromine
and chlorine are also commonly used. “B” is divalent metal cation, such as Pb**
and Sn**. For these highly efficient PerSCs, Pb*" is preferred. The lead halide
perovskites can be obtained through the chemical reaction between halogenated
amines (AX) and the lead precursors. A typical perovskite is thus MAPbX,,

Figure 5.13 Structural representation of an organic—inorganic perovskite. (Green et al. 2014
[47]. Reproduced with permission of Nature Publishing Group.)
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with FAPbX,, the mixed-halide MAPbI, ,Cl. and MAPbI;,_Br,, and the
mixed-cation (MA),_,(FA),Pbl; being equally important. Taking CH;NH,Pbl,
as an example, the larger CH;NH,* occupies a cubo-octahedral site shared with
12 I~ anions, whereas the smaller Pb** cation is stabilized in an octahedral site
shared with six I~ anions. A regular octahedron structure is established. The
band-gap of CH;NH,Pbl, is 1.55 eV [42], with an absorption spectrum covering
the whole visible light range.

As the absorber materials, perovskites have two exceptional benefits including
excellent optoelectronic properties and low energy loss of charge separation. In
particular, perovskite materials are direct-gap semiconductors. They have nar-
row bandgaps, high extinction coefficients over the whole visible spectrum, long
carrier lifetimes, and high carrier motilities [42, 49]. The extinction coefficients
are about 10 times higher than the conventional dye N719 in DSSCs. Snaith et al.
have demonstrated that the diffusion lengths of the electrons and holes gener-
ated in the CH;NH,PbI,;Cl, material have both exceeded 1 pm [49]. Their carrier
diffusion lengths and lifetimes are 10 times longer than common organic semi-
conductors. Meanwhile, Sum et al. have also suggested that the long-range bal-
anced electron-hole transport can be achieved within the hybrid perovskite [50].
What is more, the energy loss of the charge separation for perovskite materials
is small enough to realize a theoretical maximum V. of 1.3 V. In practice, V.
approaching 1.2 V has already been obtained in a broad range of device architec-
tures. Furthermore, the PerSCs devices can be manufactured with solution-based
process, which will potentially reduce the cost for the solar panels. Thereby, moti-
vations have been driven by the use of mature all-solution-processes and the
spray-coating method in industrial application. All these are the reasons for the
fast development of PerSCs. The solution-processed PerSCs also meet the needs
of scalable roll-to-roll printing process. This will deliver the all-solid-state and
flexible solar cell rolls, which will have great potential for broader applications.

5.4.2 Device Structure and Working Mechanisms

The initial PerSCs evolved from DSSCs, where solid-state perovskites with bet-
ter conductivity were used to replace the traditional organic or metal complex
dyes [41, 43]. Thus, the device structure of PerSC is relatively simple and simi-
lar to the solid-state DSSCs. Generally, there are two kinds of device structures
for PerSCs: one is regular structure (n-i-p structure) evolving from DSSCs and
the other is inverted structure (p-i-n structure) evolving from OPVs. [48] Both
of the two architectures are compatible with flexible substrates and can be used
for making PerSCs. In the regular PerSCs, as shown in Figure 5.14a, the elec-
tron transport layer (ETL) is first deposited on the transparent conducting oxide
(TCO) substrate, followed by the coatings of perovskite photoactive layer, hole
transport layer (HTL), and the anode. In the inverted PerSCs, the functional lay-
ers are coated on the TCO substrate following a reversed order: HTL, perovskite
photoactive layer, ETL, and the cathode. (see Figure 5.14b)

The working mechanisms in PerSCs will be illustrated by taking an n-i-p struc-
ture as an example [47]. Under solar irradiation, the perovskite photoactive layer
absorbs photons to generate excitons (electron—hole pairs). Perovskite materials
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Figure 5.14 (a) Schematic diagram of regular planar structure; (b) schematic diagram of
inverted planar structure. (Liu et al. 2016 [51]. Reproduced with permission of John Wiley
& Sons.)

have low exciton binding energy, thus these excitons can dissociate into free
charge carriers (free electrons and holes) to generate current or to recombine
into excitons (dark reaction). Then, these photo-generated free electrons and
holes are extracted by the ETL and HTL, respectively. The electrons transfer to
the ETL from the perovskite layer to be collected by the TCO layer, the holes
transfer to the HTL to be collected by the counter electrode. (see Figure 5.15)
The photocurrent is produced when the electrons go through the external circuit
from the TCO to the counter electrode to recombine with the holes at last.

5.4.3 Materials and Methods for Flexible PerSCs

For a flexible PerSC device, the flexible substrates usually involve TCO-coated
plastics and silver nanowire-coated plastics. Metals such as Au, Ag, and Al, are
commonly used as the counter electrodes. Moreover, carbon and graphene are
also attractive electrode materials for the flexible PerSCs. Besides, interfacial
layers are important to the performance and stability of the PerSCs [52]. TiO,
and PCBM are the most commonly used ETLs in the regular structure and
inverted structure, respectively. p-Type-doped 2,2',7,7 -tetrakis[N,N-di(4-meth-
oxyphenyl)-amino]-9,9’-spirobifluorene (spiro-OMeTAD), poly(3,4-ethylenedi-
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS), polytriarylamine (PTAA),
and NiO are the most popular candidates for HTLs. Figure 5.16 gives a brief
summary of different interface materials and their energy-level alignments with
the perovskites.

High performances of PerSCs are critically determined by the excellent
photoelectric properties of perovskite photoactive layer itself. Thus, achieving
high-quality perovskite photoactive layers with the morphologies of smooth,
large-grained as well as pinhole-free, is of significant importance to improve the
device efficiency and stability. There are a variety of processing methods [53, 54]
for the perovskite photoactive layers as summarized in Figure 5.17. “One-step”

125



126

5 Flexible Photovoltaic Systems

Electron
energy Electrons

I tco
[JETL

. Perovskite

[ ] HTL

[ Counter electrode

Hole
energy

-8.1 Holes

Figure 5.15 The schematic diagram of the working mechanism for perovskite solar cells with
n-i-p structure. (Green et al. 2014 [47]. Reproduced with permission of Nature Publishing
Group.)
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Figure 5.16 Energy level diagram of HTLs (left) and ETLs (right) used in PerSCs and perovskite
light absorbers (middle). The unit for each value is (eV) but omitted. (Kim et al. 2016 [52].
Reproduced with permission of Royal Society of Chemistry.)

solution process is the earliest method demonstrated by Snaith et al. [42] for
fabricating CH;NH;PbI; on the TiO, surface[42]. The perovskite precursor
solution consisting of ammonium halide and lead sources in proper solvent is
deposited onto the substrate directly. In 2013, Grétzel et al. have evolutionally
developed a sequential deposition process which is also called the “two-step”
method [55]. In this process, Pbl, was first introduced from solution into a
nanoporous TiO, film and subsequently exposed to a solution of CH;NH,I to
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transform into the high-quality perovskite. In order to improve the film quality
of the perovskite active layers, tremendous efforts have been made. For example,
Snaith et al. have subsequently adopted a double source evaporation method
to obtain the dense, uniform, and thickness-tunable perovskite films [56]. The
precursor materials are thermally evaporated simultaneously, and the perovskite
film is produced on the substrate through chemical reaction of precursors. Cheng
et al. have reported a facile gas-assisted “one-step” solution processing technique
[57]. They have introduced Ar gas flow on the top of the substrate during the
spin coating, resulting in uniform perovskite thin films consisting of densely
packed single crystalline grains. Antisolvent-assisted compositional engineering
is representative of “one-step” solution process [58, 59]. During the spinning of
the substrate, an antisolvent was dropped onto the film for fast removing of the
host solvent. The resulting smooth, large-grained and pinhole-free perovskite
thin films make this antisolvent-assisted method to be widely accepted for the
fabrication of high-quality photoactive layers. More surprisingly, some very
recent works have pointed out that the perovskite photoactive layers with the
large-grained compact microstructures and smooth surfaces without involving
any antisolvent process, have been achieved via introducing the “acetate route”
by replacing the conventional lead halides (PbCl, or Pbl,) with lead acetate
(PbAc,) as the lead source [60, 61]. This method employs PbAc, as a lead source
in the precursor solution, and obtains the smooth perovskite thin films by
simple “one-step” solution process. It is notable that the film annealing time
in the PbAc,-based method is much shorter in comparison with the methods
based on conventional lead halides (PbCl, or Pbl,). This is obviously superior
to other methodologies, especially for the roll-to-roll printing fabrication for
flexible PerSCs.

5.4.4 Recent Advances for Flexible PerSCs

As promising candidates for photovoltaics, PerSCs can be fabricated under
low temperature with solution-based methods, which makes them compatible
with the flexible substrates to deliver efficient flexible solar cells. Therefore,
researches have been conducted to investigate the flexible PerSCs and explore
their potential applications. Herein, some representative examples of flexible
PerSCs are presented.

Kim et al. have fabricated highly bendable (up to 1 mm bending radius) PerSCs
based on ITO-coated PEN flexible substrates and achieved an excellent PCE of
12.2% [62]. A cross-sectional SEM image and an image of the bendable device are
shown in Figure 5.18b,c. As illustrated in Figure 5.18d,e, the power conversion
efficiency of this flexible solar cell remained at 95% after 1000 cycles of bending
tests with a bending radius of 10 mm. This shows the superior mechanical
endurance properties of the devices. It is noteworthy that the n-type TiO,
compact interface layer was deposited via a plasma-enhanced ALD (PEALD)
technique. This ALD coating method was believed to be crucial for the high
performance of the flexible devices. The highly efficient and bendable PerSCs
could potentially be used for the power solution for future wearable devices as
demonstrated in Figure 5.18a.
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Figure 5.18 (a) Conceptual schematic diagram of a smart watch integrated with a flexible
perovskite solar cell. (b) Cross-sectional SEM image of the inorganic-organic halide perovskite
planar heterojunction flexible solar cell and schematic of the flexible device structure. Scale
bar: 200 nm. (c) An actual bent image of a flexible perovskite solar cell. (d) Normalized PCE
measured after bending the substrate within a specified radius of 400-1 mm. The inset shows
the real images attached on the human neck, wrist, and finger corresponding to 400, 10, and
4 nm bending radii, respectively. The error bar represents standard deviation from 4 devices.
(e) Normalized PCE of flexible perovskite devices as a function of bending cycles with different
radii of 400, 10, and 4 mm. The inset shows the real images taken during the bending tests.
The error bar represents the standard deviation from four devices. (Kim et al. 2015 [62].
Reproduced with permission of Royal Society of Chemistry.)
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Figure 5.19 Ultrathin and light perovskite solar cells. (@) Schematic of the solar cell stack. (b)
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during solar-powered outdoor flight. Scale bar, 10 cm. (e) Close-up photograph of the
horizontal stabilizer with integrated solar panel. Scale bar, 2 cm. (Kaltenbrunner et al. 2015
[63]. Reproduced with permission of Nature Publishing Group.)

Kaltenbrunner et al. have constructed the PerSCs on the ultrathin PET foils.
The finished highly flexible device with a total thickness of only 3 pm has deliv-
ered a stabilized efficiency of 12% [63]. High efficiency and low weight (5.2 gm™2)
lead to a very impressive power-to-weight ratio of 23 W g, and this ratio is
used to evaluate the energy density for ultrathin flexible solar cells. As shown
in Figure 5.19a—c, the PEDOT:PSS has not only been employed as the HTL
but also as the electrode, eliminating the commonly used TCO electrodes. To
facilitate air-stable operation of the flexible devices, they have introduced a thin
chromium oxide-chromium interlayer between the ETL and the top electrode.
Cr,0O; has great robustness against the aggressive oxidants, and this Cr,0O,/Cr
interlayer could effectively prevent the metal top contact from the chemical
reactions with the perovskite photoactive layer. Thus the un-encapsulated
devices with a Cr,O,/Cr interlayer remain functional after four days in air under
continuous illumination. The viability of these ultrathin perovskite solar foils
for laboratory-scale aeronautic applications was also demonstrated. They have
fabricated two 4 X 8 solar modules based on 64 individual ultralightweight solar
cells. The two solar modules were successfully integrated onto the horizontal
stabilizers of a model airplane and used to power a direct current motor with
propeller of the aviation models as shown in Figure 5.19d,e. These results
revealed the potential of the flexible PerSCs for future applications.

Owing to their superior processibility, PerSCs can also be prepared on var-
ied conducting substrates to realize the flexible function. Stainless steel fibers,
silver-mesh/conducting polymer substrates, and titanium foils have been used as
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the conducting substrates for flexible PerSCs. For example, Peng et al. [64] have
used stainless steel fiber with a diameter of 127 mm as a substrate to prepare
a coaxial fiber-shaped PerSC, as shown in Figure 5.20a—d. The device delivered
a power conversion efficiency of 3.3%. It is also noteworthy that these coaxial
fiber-shaped PerSCs were highly flexible and can be bent into various shapes
without fatigue, and their energy conversion efficiencies maintained 95% of the
initial PCE after bending for 50 cycles. This coaxial fiber-shaped PerSCs could
potentially be woven into solar textiles for applications in wearable electronics as
shown in Figure 5.20e.

Further, Li et al. [65] have demonstrated high-performance flexible PerSCs con-
structed on highly flexible and ultrathin silver-mesh/conducting polymer sub-
strates as shown in Figure 5.21a. The device efficiency reached 14.0%, which is
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Figure 5.21 (a) Image and structure of a flexible PET substrate with embedded Ag-mesh with
detail parameters. (Reproduced from Ref. [65], CC-BY-4.0.) (b) Schematic of a solid-state
perovskite solar cell based on Ti foil/TiO, nanotubes and carbon nanotubes. (Wang et al. 2015
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among the best results for the flexible PerSCs. Wong et al. [66] reported the
flexible perovskite based on titanium (Ti) foil/TiO, nanotubes (NTs), as shown in
Figure 5.21b. Transparent conductive carbon nanotube network was laminated
on top of perovskite and served as the hole collector as well as the transparent
electrode for light illumination. This is a typical example of top-illuminated flex-
ible PerSCs and efficiency of 8.31% was achieved. The device also demonstrated
good flexibility and 100 mechanical bending cycles showed little deterioration to
the device performance.

With all these efforts on the substrate materials, interface materials, and pho-
toactive layer, the flexible PerSCs have been intensively explored. Both the device
efficiencies and mechanical properties have been significantly enhanced. Along
with the fast development of PerSCs, it can be expected that the flexible PerSC
will be much more efficient and reliable for a wide range of applications.

5.5 Summary and Conclusion

This chapter reviewed the advances of some FPV candidates covering flexible Si
solar cells, CIGS solar cells, organic solar cells, and PerSCs. We have discussed the
fundamentals of converting light into electricity, the properties of photovoltaic
materials, the operation mechanism of different solar cells, and the current status
of different flexible solar cells and their potential applications. With the tremen-
dous efforts from all over the world, particularly on some novel photovoltaic
technologies, the flexible solar cells are being intensively explored.
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Low-cost, compact, and efficient flexible solar cells are intended to impact
all kinds of energy applications. Their future applications can be expected in
a wide range of areas, providing energy solutions for many electronic devices,
such as personal electronic devices, outdoor power stations, medical and health
care devices, unmanned aircrafts and weather balloons for environmental and
industrial monitoring, and even military security applications.
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6.1 Introduction

Some challenges in sustainable energy supply and powering remain to be solved
in the near future. Owing to an increase in crude oil prices and the possible
depletion of oil resources, emergent energy harvesting from solar energy and
wind power is a high requirement. Since energy prices are increasing more and
more there is interest and need in extracting seemingly trivial and unprofitable
energy resources that have been so far ignored. Thermoelectrics is a technique
that immediately converts temperature difference into electric potential differ-
ence. Unlike conventional turbine generators with high-pressure gases and large
facilities, thermoelectric generators can produce power from small temperature
differences and therefore can be widely applied in the recovery of waste heat from
currently untapped sources such as commercial buildings and industrial plants.
In addition, it can be expected that a lot of waste heat is potentially used as supple-
mentary power for mobile vehicles (cars, buses, etc.) and information technology
(IT) equipment including security and medical devices. In particular, the appli-
cation of flexible and light-weight thermoelectric generators will be expanded
in the above-mentioned applications. Importantly, for practical thermoelectric
power conversion materials in a temperature range lower than 400 K, flexibility
is crucial to cover and adhere closely to the heat sources that emit low thermal
radiation.

For the construction of such flexible power modules, it is crucial to integrate
various polymer and nanostructured materials as substrates, powering layers,
and electrodes. Subsequently, a comprehensive and multifaceted understanding
of various research topics ranging from materials chemistry to applied physics
is highly required. Historically, thermoelectrics has been an important topic
in quantum condensed matter physics and thermodynamics, and has been
well summarized in many textbooks. In spite of these efforts however, the
viewpoints from a physics and mechanics perspective remain difficult for the
elementary-level beginners (i.e., chemists and applied physicists) to overview
and understand. Additionally, these textbooks often contain a lot of concepts

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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not always important for organic and emergent materials. The following section
commences with the fundamental thermoelectric concepts extracted from basic
condensed matter physics, useful for materials chemists and applied physicists
[1]. Following from the general principles, a section on thermoelectric materials
design outlines several important strategies for the development of polymer-
and nanocarbon-based flexible thermoelectrics.

6.2 General Principles

6.2.1 The Basic Principles of Thermoelectricity

Let us start by defining the three classical factors controlling the thermoelectric
properties of a material. If an electric field is applied to a material, you will observe
an electric current. When no temperature gradient is present, the ratio of a cur-
rent density to an electric field determines the electrical conductivity (o) of the
material. In contrast, when a temperature gradient is applied in a material you
might measure heat flow. For insulating materials you might observe almost no
electric current. Under these conditions, the ratio of heat flow per unit area to the
temperature gradient determines the thermal conductivity (k) of the material.
Additionally, you might apply a temperature difference along a material with-
out applying any electric field, which corresponds to simply generating an energy
flow and induces an electric current. The latter corresponds to a thermoelec-
tric current. When you measure this thermoelectric current, it is necessary to
construct a closed circuit composed of different materials. It is obvious that no
net current can be measured in a symmetric circuit made of the same metals
(Figure 6.1a). The same absolute amounts of thermoelectric currents flow in two
circuit arms between temperatures at both ends (7, and 7'+ AT), and no sub-
stantial current is measured. If the circuit comprises two different materials or
the same material in different states, you can measure the net thermoelectric
current (Figure 6.1b). Note that the magnitude of this thermoelectric current

T+ AT T+ AT T+ AT

1 2 1 2 AV, 2

(a) (b) (c)

Figure 6.1 Basic thermoelectric circuits. (a) A closed circuit with two similar conductors.
(b) A closed circuit with two different conductors. (c) An open circuit with two different
conductors.
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depends on the temperature difference and even on the shape and dimension
of materials. Now, consider how to measure the thermoelectric properties of a
given individual material concerned. An open circuit, currently known as a ther-
mocouple (Figure 6.1c), is useful for evaluating the potential difference. Once the
terminals (O) are set, a potential difference (AV,) is determined only by the
temperature difference. You can evaluate the absolute thermoelectric power of
conductors that you are interested in by subtracting the known value of a refer-
ence (sample 1) from the measured total thermovoltage.

Let us now try to define the Seebeck coefficient using an intuitive and practical
approach. As explained in the previous paragraph, once a temperature differ-
ence AT is applied between both edges of a material, you can observe a potential
difference between the edges. This potential difference is proportional to the tem-
perature gradient between both the ends. This phenomenon is called the Seebeck
effect, and its proportionality constant, the Seebeck coefficient (), is expressed
as follows:

V = —aAT (6.1)

Assume that a temperature gradient is applied between the hot end (T + AT)
and the cold end (T') of a given semiconductor or metal material where charged
carriers can move. In this case, charged carriers are excited following the Boltz-
mann distribution at specific temperatures (7 and T + AT). As a result, since the
density of charged carriers at the higher temperature end gets higher, charged
carriers will flow from the hot side to the cold side, following the Fick’s diffusion
equation. Positively and negatively charged carriers in most semiconductors and
metals possess their own different effective masses and diffusion coefficient. For
example, negative charges will flow from a high temperature region to a low tem-
perature region in the n-type materials that possess the larger diffusion coefficient
of negatively charged carriers (Figure 6.2). The hot side is therefore positively
charged and the cold side is negatively charged. p-Type materials, including most
conducting polymers, show opposite charging. In most textbooks, the sign of
the Seebeck coefficient is determined so that the a of p-type materials is posi-
tive as in Eq. (6.1). Practically, the sign of a measured voltage against an applied
temperature gradient can define the polarity of a given material, where the pos-
itive and negative Seebeck coefficients indicate the p-type and n-type polarity,
respectively.

6.2.2 Density of State and the Seebeck Coefficient

Since the Seebeck effect is controlled by the Boltzmann distribution, you might
expect that the Seebeck coefficient is closely associated with the density of state
(DOS) related comprehensively to the distribution and degeneracy of electronic
states. Assuming some approximation for common metals and semiconductors,
the Seebeck coefficient («) is proportional to the gradient of density of state dis-
tribution (DOS(E)) function at the Fermi level (E = E) as follows:

’ dDOS(E)
« | ==

6.2
dE  eE=f 62)
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Figure 6.2 A practical view of thermoelectricity. (a) A schematic of, and (b) a band-based
scheme for, carrier diffusion in a given n-type thermoelectric material.

Figure 6.3 shows the typical DOS with DOS on the horizontal axis and state
energy on the vertical axis, for metals, one-dimensional semiconductors, and
molecules. Following Eq. (6.2), you can obtain a large Seebeck coefficient of a
given material when its DOS gradient is large at the Fermi energy (Eg). As shown
in Figure 6.3, organic semiconductor materials including carbon nanotubes and
conducting polymers possess low-dimensional structures, and then a sharp DOS
around Fermi level. These facts might inspire one to obtain an excellent See-
beck coefficient and high-efficiency energy-to-electricity conversion. Owing to
the presence of a sharp DOS shape, insulating materials with totally discrete elec-
tronic states should possess an extremely large Seebeck coefficient while their
conductivity is quite low.

6.2.3 Energy Conversion Efficiency and Dimensionless Thermoelectric
Figure of Merit ZT

Consider making a short circuit between the both ends of a given semiconductor
material with a lead (conductor) with extremely low electrical resistivity (R) and
thermal conductivity (Figure 6.2a). This is equivalent to the short circuit of a cell
with a voltage of V (=aAT). Therefore, the steady current I of the given semi-
conductor and its maximum output power P, to an external circuit is calculated
using the electrical conductivity (¢) as:

I=V/RxacAT (6.3)
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DOS

Figure 6.3 Typical density of state for (a) metals, (b) one-dimensional semiconductors, and (c)
molecules and insulators. Dashed lines show the gradient at the Fermi level.

and
Py =1V x a*c AT> (6.4)

Considering Eq. (6.4), the exploitation of a large a?c is preferred for the con-
struction of high-performance thermoelectric materials. The term % is referred
to as the thermoelectric power factor (PF). Insulating molecular crystals might
exhibit an extremely large thermoelectric voltage, but cannot be used for the gen-
eration of electric energy since their o, (i.e., P, and PF) is estimated as almost
being zero.

Energy conversion efficiency (1) under a constant temperature gradient is
determined by the ratio of output power calculated with the PF to thermal energy
loss derived from spontaneous thermal conduction. Therefore, semiconductor
materials with a large Z are advantageous for extracting excellent thermoelectric
efficiency as follows:

(120'

Z=— (6.5)
k

where k is thermal conductivity and is equivalent to the spontaneous energy loss

due to thermal conduction. When the temperatures of materials at the hot and

cold ends are T'; and T, respectively, and their average is T, heat-to-electricity

conversion efficiency is given as
AT (A+ZD)Y?-1
Ty A+ ZD)YV*+ Ty /Ty

max (66)
ZT is widely used for the evaluation of the figure of merit of thermoelectric mate-
rials indicating the energy conversion efficiency. Figure 6.4 shows the relation-
ship between ZT and 5 under the temperature gradient between 20 and 80 °C.
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Figure 6.4 Heat-to-electricity conversion efficiency as a function of ZT between 80 and 20 °C.

For materials with ZT of a unity, you can calculate approximately 3% energy
conversion efficiency. This value is often used as a standard in order to consider
the feasibility of thermoelectric materials in many projects under development.
It should be noted that one might pay attention to compare the thermoelec-
tric properties of various materials since figure of merit ZT and conversion effi-
ciency # depend heavily on temperature T and temperature gradient AT. Many
high-performance inorganic materials showing ZT >2 at raised temperatures
have recently been reported [2], which might discourage organic chemists to
consider conducting polymers as thermoelectric materials. It is true that these
inorganic thermoelectric materials have an advantage over conducting polymers
at temperatures above ~200 °C. However, organic materials showing moderate
thermoelectric properties at lower temperatures are still attractive since most
waste heat consists of low-grade energy below 100 °C.

6.2.4 A Classical Requirement for Efficient Module Design

Consider the practical thermoelectric modules. The basic structures of ther-
moelectric modules are simple; electric power generates when a thermoelectric
material is sandwiched between hot and cold electrodes (Figure 6.5a). In this
case, lead wires must be connected from electrodes at both hot and cold ends
to a loading device at room temperature. If a metallic lead wire is used, most
thermal energy is lost due to efficient thermal conduction through the wires.
Consequently, such energy loss will lead to a dramatic decrease in energy conver-
sion efficiency. The solution to this challenge requires a thermoelectric module
consisting of both p-type and n-type thermoelectric materials sandwiched
between, and connected in series to, the electrodes (Figure 6.5b). This module
is called m-type. The energy conversion efficiency of zn-type thermoelectric
modules is also calculated using Eq. (6.6). Roughly speaking, one might use the
lower electrical conductivity and higher thermal conductivity of either p-type or
n-type thermoelectric materials to calculate ZT in Eq. (6.5). Therefore, not only
high ZT for both p-type and n-type materials but also equivalent electrical and
thermal conductivity are required. Considering these basic principles, the next
section will discuss the materials design for organic and carbon thermoelectrics.
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Figure 6.5 (a) Unipolar and (b) bipolar (n-type) thermoelectric modules.

6.3 Thermoelectric Materials Design

6.3.1 Organic Solids and Conducting Polymers

Since its discovery, the thermoelectricity of conducting polymers has long
been examined for discriminating charge carrier polarity. In common, the
conductivity of organic materials is limited by their conjugated structures and
doping ability. Highly conducting organic materials include charge transfer
complex crystals [3, 4], and conducting polymers [5, 6]. At least, moderate
conductivity is required for appropriate measurements with ordinary (commer-
cially available) electrometers. In this context, the thermoelectric properties of
conducting polymers with tunable electrical conductivity (1073-10* Scm™) can
be easily examined. Additionally, the thermal conductivity of organic materials is
substantially lower (<1 W m~! K1) than that of most inorganic thermoelectric
materials, irrespective of moderately high electrical conductivity. Therefore,
strategies for high-performance organic thermoelectrics involve the elucidation
of high PFs by tuning the Seebeck coefficient and electrical conductivity.

It is recognized that, from a microscopic point of view, the Seebeck coefficient
in organic solids is governed by the lattice scattering of charge carriers [7]. In
ideal organic semiconductor crystals with well-ordered lattices, charge carriers
pass through the overlapped wavefunctions at neighboring molecules that induce
a narrow, anisotropic band dispersion. In practical organic solids, in addition,
electronic transport is controlled partly by the thermal perturbation of ordered
molecules, modulating the carrier hopping integral and thus the bandwidth. The
transport properties are also affected by the polarization of the electrons’ envi-
ronment. The strong interaction between the hopping charge carriers and the
lattice and the induced phonon mode softening then results in an enhancement
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in the Seebeck coefficient. Such modulability in the Seebeck coefficient of soft
organic solids is attractive to develop a new class of thermoelectric materials.

The thermoelectricity of various conducting polymers such as charge transfer
complex crystals and doped polyaniline has long been examined. Toshima et al.
reported in 1999 for the first time the complete thermoelectric properties (o, a,
and k) of doped polyanilines [8]. They expanded their work to the thermoelectric
properties of other conducting polymers and their stretched form. In 2007, they
also demonstrated that the 310%-stretched, I,-doped poly(p-phenylene vinylene)
(PPV) derivative exhibits high electrical conductivity (350 S cm™) and low ther-
mal conductivity (0.25 W m~! K1) in addition to the moderate Seebeck coeffi-
cient (47 pV K1) [9]. Currently, this pioneering work with ZT of 0.1 remains
highly stimulating within the research fields of organic electronics and materi-
als science. Leclerc et al. also pioneered this field earlier in that decade [10, 11].
On the basis of their polymer chemistry background, they examined the excel-
lent thermoelectric properties of synthetic carbazole-based polymers and their
nanocarbon composites.

Poly(3,4-ethylenedioxythiophene) (PEDOT) derivatives are commercially
available for many applications [12]. PEDOT:PSS, a typical conducting form,
shows high conductivity (500-1000Scm™) in the solid state with the aid of
a small amount of dopants and structure-directing agents (dimethylsulfoxide
(DMSOQO), ethyleneglycol (EG), etc.). Their high conductivity relies on vari-
ous factors including planar PEDOT structures with the predominant S—O
interaction, their polymerization degree, and doping stability (Figure 6.6).
In 2011, Crispin et al. reported the high ZT thermoelectric properties of
PEDOT doped with p-toluene sulfonate (Tos), and optimized by de-doping
with tetrakis(dimethylamino)ethylene (TDAE) [13]. Wide-range thermopower
measurements revealed that PEDOT:Tos exhibits the Seebeck coefficient of
40 pV K1 at an oxidation level of 36% and 780 pV K= at the lowest considered
oxidation level. The PF (ca?) increased from 38 pW m™' K=2 for the pristine
doped polymer to 324 pW m™' K=2 at the oxidation level of 22%. This report
provided the first insight into tuning the thermoelectric properties of PEDOT
derivatives by redox chemistry [14]. Excellent thermoelectric performance in
PEDOT:Tos is reproduced by density functional theory (DFT) investigations on
the doping control of PEDOT backbones and the consideration of charge carrier
scattering [15].

Alternatively, PEDOT:PSS is highly sensitive to humidity, which can be used
for modulating its thermoelectric effect in the solid state. Conducting polymers
including PEDOT display an ionic thermoelectric effect in addition to the known
electronic thermoelectric effect [16]. At a high humidity level, PEDOT deriva-
tives present a thermo-induced voltage of up to several hundreds of microvolt
per kelvin [17], which is identified as the ionic Seebeck effect. lon currents
themselves are also directly used for thermos-voltage generation. Single-ion
conductors including silver Nafion (Ag-Nafion) and silver polystyrene-sulfonate
(Ag-PSS) exhibit the thermogalvanic effect [18]. Through the generalized Soret
effect, the concentration gradient of silver ions in Ag-Nafion and Ag-PSS
formed, which generate an approximately millivolt voltage. Since this can be
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Figure 6.6 A typical molecular structure of PEDOT:PSS.

incorporated in the solid-state devices, such large-voltage generators might be
preferred candidates for thermal sensor and capacitor materials.

The tuning of carrier concentration is required for thermoelectric power gen-
eration. In this context, doping processes for both p-type and n-type materials
are necessary for PF optimization. Particularly, still missing is the stable n-type
doping of conducting polymers. A rational strategy for stabilizing carboanions
in n-type doped organic semiconductors is highly desirable. For this purpose,
several molecular strategies for the backbones and n-type dopants are proposed
(Figure 6.7). Electron-deficiency is the first criteria for high-performance n-type
materials. Imide-functionalized backbones serve as highly electron-withdrawing
units for relatively stable n-type materials. Naphthalene diimide (NDI)-based
donor—acceptor polymers extrinsically doped with n-type dopant N-DMBI [19],
and perylene diimide (PDI) derivatives self-doping with hydroxide side chains
have been examined to generate moderate thermoelectric properties with PFs
as high as 0.6 and 1.4 pW m™! K2, respectively [20, 21]. It should be noted that
hydride-releasing benzimidazol derivatives, such as N-DMBI, serve as an excel-
lent n-type dopant not only for organic semiconductors but also for nanocarbon
materials including fullerenes, carbon nanotubes, and graphenes [22, 23].

In addition to electron deficiency, molecular packing and planarity could influ-
ence the mobility and conductivity of organic solids. Benzodifurandione-based
poly(p-phenylene vinylene) (BDPPV) derivatives with low-lying LUMO levels
(below —4.0eV) are highly electron-deficient via C=0O groups and displays
high electron mobility exceeding 1 cm? V™' s™! under ambient conditions [24].
A fluorinated BDPPV derivative forms the more planar molecular structure
through dual C=0- - -H and C—F- - -H hydrogen-bonding interactions, showing
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electrical conductivities as high as 14Scm™ and PFs up to 28 pW m=! K2
through the modulation with a stable hydride-releasing n-type dopant N-DMBI.
Weakly reducing inorganic reagents such as SnCl, was used to dope n-type
polymers, enabling the exploitation of 0.1 ZT [25]. Doped fullerenes and
powder-processed organometallic poly(Ni 1,1,2,2-ethenetetrathiolate) deriva-
tives also showed highly conjugated and packed forms, and exhibited excellent
n-type thermoelectric properties with electrical conductivities as high as 9 and
40 S cm™! and PFs reaching 20 and 66 pW m™ K2, respectively [26, 27]. Organic
semiconductors with high electron mobilities and their efficient and stable
n-doping processes are being developed rapidly. As mentioned in Section 6.2.4,
n-type thermoelectric polymers comparable to PEDOT derivatives are still in
demand and further improvement in PF is under investigation.

6.3.2 Carbon Nanotubes and Related Matters

Carbon nanotubes are promising active thermoelectric materials owing to their
narrow bandgap energy and high charge carrier mobility. Furthermore, they
can be integrated into flexible thermoelectrics that can recover any waste heat
[28, 29]. Indeed, single-walled carbon nanotubes (SWNTs) show relatively
high thermopower at room temperature. A SWNT is a seamlessly patched
cylinder-shaped graphene sheet. SWNTs possess a quantized and discrete
electronic wave function along their circumference, and one-dimensional band
structures in the axial direction. The band structures rely on how the single-layer
graphitic sheets are rolled into graphene cylinders (Figure 6.8), where the order
of graphene sheets in the cylinder is referred to as “chirality.” Depending on
the chirality, these graphitic cylinders are classified into two different electronic
structures: semiconducting and metallic materials [30]. The bandgap of these
materials is also determined by the chirality (Figure 6.9) [31].

Following the Mott equation (Eq. (6.2)), the Seebeck coefficient is proportional
to the gradient of electronic DOS around the Fermi level. In one-dimensional
materials such as SWNTs, the DOS diverges at the one-dimensional van Hove

Figure 6.8 Representative schematic illustration of carbon nanotube formation from a 2D
graphene sheet with two arm-chair edges.
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Figure 6.9 Representative schematic illustration of the DOS of semiconducting carbon
nanotubes with (a) a smaller diameter and (b) a larger diameter, and (c) metallic carbon
nanotubes.

singularity (DOS(E) dE « E~/2 dE). Considering SWNTs in air, oxygen molecules
would adsorb on the SWNT surface, and SWNTs are hole-doped by the oxy-
gen. Indeed, semiconductor-enriched SWNTs show the large Seebeck coefficient
(>100 pV K1) because their Fermi level shifts to the valence band side, and in
particular close to the DOS peak [32]. Metallic SWNTs usually exhibit lower
thermopower since their Fermi level is far from the first DOS peak. Two- and
three-dimensional materials do not show a similar effect since their DOS is pro-
portional to a given constant, and EV/2, respectively. It is then theoretically pre-
dicted that graphenes never show such excellent thermoelectric properties while
pure (de-doped) fullerenes could exhibit the unexpectedly high Seebeck coeffi-
cient [33].

Since carrier conduction in SWNTs is ballistic, a net temperature gradient is
highly dependent on the nature of resistive nanotube—nanotube junctions in the
network films. Maniwa reported that thermally resistive junctions play an impor-
tant role in the giant Seebeck effect of SWNT films [34]. They carefully measured
the Seebeck coefficient as a function of the ratio of semiconducting (s) and metal-
lic (m) SWNTs (Figure 6.10). They also simulated these results by first-principles
transport simulations based on a simple SWNT junction model. Ferguson exam-
ined the thermoelectric properties of semiconductor-sorted SWNTs with var-
ious bandgaps ranging from 0.7 to 1.5eV. Their experimental and theoretical
studies revealed that moderate electrical conductivity and Seebeck coefficient
coexist in ~1.4 nm diameter SWNTs that show a PF of >300 pW m~! K=2 [35].
In order to obtain the large Seebeck coefficient, a carrier-energy filtering con-
cept has been proposed. Designs for resistive nanotube—nanotube junctions with
modular additives are important for enhancing the thermoelectric properties.
The energy filtering of charged carriers has been realized using semiconductor
nanoparticle junctions, and conjugated polymer-intercalated junctions [36, 37].
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Schematic serial model for junction networks consisting of semiconducting (s) and metallic
(m) SWCNTs, where temperature (T) varies along the series of SWCNT bundles. (Nakai et al.
2014 [34]. Reproduced with permission of The Japan Society of Applied Physics.)

As mentioned in Section 6.2.2, the control of carrier density (i.e., carrier
doping) is crucial to optimizing the thermoelectric properties. Nanocarbons
have an advantage in that the doping can modulate the electronic transport
properties. Nanocarbon materials including fullerenes and carbon nanotubes
are relatively air-stable in their p-type and n-type states. Similar to silicon
(Si) technology, atom-exchange reactions from carbon to heteroatom in car-
bon frameworks is also effective for exploiting the doping level of SWNTs.
Boron- and nitrogen-doped SWNTs show the positive and negative Seebeck
coeflicient, respectively, and have been utilized for the construction of bipolar
thermoelectric modules [38].

Owing to the intrinsic nature of carboanions, negatively charged n-type
organic semiconductors are seemingly unstable in air. Similarly, the stabilization
of n-type SWNTs remains a challenge. Since weak electron-donating molecules
such as polyethyleneimine (PEI) can alter the majority carrier in SWNTs,
the construction of bipolar thermoelectric modules with SWNTs has been
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Figure 6.11 Typical organic n-type dopants.

demonstrated [39]. A number of weak electron donors have been examined
to produce n-type SWNTs (Figure 6.11). However, the n-type states based
on electron-doped SWNTs (i.e., carboanions) are highly reactive in air. Most
reported n-type composites showed relatively slow degradation behavior in
several days.

Considering the stability of chemical bonding and interaction, a balance
between n-type SWNTs and their counter cations is important for improving
stability in n-type characteristics of SWNTs (Figure 6.12). Indeed, small cations
such as sodium ions are unlikely to stabilize large aromatic anions such as n-type
fullerenes, carbon nanotubes, and graphenes. For this purpose, the charge
density of sodium ions has been delocalized by complexing them with crown
ether derivatives, which can be confirmed using the primary DFT calculation.
Indeed, it has been successfully demonstrated that metal cation-crown ether
complexes effectively stabilize n-type carbon nanotubes. The further delocal-
ization of positive charges can be achieved using aryl-substituted crown ethers
(Figure 6.13) [40]. This material demonstrates unprecedented durability in air

A large positive charge over A small positive charge
a large molecular complex on a metal ion

Negative charges over
a long-range carbon framework

Balanced coulombic interaction Unbalanced interaction

Figure 6.12 A schematic illustration of charge balanced n-type SWNT anion-metal cation
complexes.
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even at raised temperatures, which is an essential requirement in thermoelectric
applications.

The crown ether-based cations ([M-crown]*) behave as soft Lewis acids and
efficiently stabilize soft bases under the classical hard and soft acids and bases
(HSAB) concept. In the solid state, charge polarizability could also control
cation—anion charge balance. Reynolds and co-workers have reported that
n-type poly(3,4-ethylenedioxythiophene) (PEDOT) derivatives are specifically
stabilized by inserting larger cations such as tetra-n-butylammonium (TBA"),
indicating the contribution of the HSAB theory. Similarly, the negative charges
on n-type SWNTs seem to be delocalized over many aromatic units, which can
be efficiently stabilized by soft Lewis acids such as [M-crown]*. The positive
charges in metal ion—-benzocrown complexes are partly delocalized over the
benzene ring supporting the further efficient stabilization of negatively charged
SWNTs.

6.3.3 Useful Survey Methods for Discovering Efficient Thermoelectric
Materials

Precise measurements in the highly resistive state of organic solids also provide
a deep insight into their conducting nature. The Seebeck coefficient reflects
the dynamics of thermally excited charge carriers and their entropy transfer.
The transferred entropy is determined by the band structure of semiconducting
materials and the scattering of charge carriers. Batlogg has demonstrated
the field-effect-modulated Seebeck coefficient in organic semiconductors [7].
Carrier-density-dependent thermopower measurements in single crystals
revealed that the Seebeck coefficient of organic semiconductors can be analyzed
within the range of the electronic contribution in conventional inorganic
semiconductors. Currently, this technique has been widely used to investigate
and optimize the thermoelectric properties of various conducting polymers and
carbon materials at a preferred doping level [41-43].

6.3.4 Prototype Thermoelectric Generators and Applications

This chapter has introduced the current aspects of thermoelectrics ranging
from the basic principles to the development of flexible powering materials
and devices. Prototype thermoelectric generators have been commercialized in
1990s, which was integrated in wristwatches [44]. A rapid increase in the need
for portable power generators in various fields including plant management,
medical application, and hobbies, is stimulating studies on energy harvesting
techniques. For practical thermoelectric power conversion materials in a
temperature range lower than 400K, flexibility is crucial to cover and adhere
closely to the heat sources emitting low thermal radiation. Therefore, flexible
thermoelectric devices open up possibilities in emergent uses including medical
cooling/heating devices and portable devices powered by the human body.
Such flexible thermoelectric generators have recently been developed using
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Figure 6.14 (a) A flexible thermoelectric generator made of p-type and n-type carbon
nanotubes as thermoelectric layers. (b) Power generation and LED lightening under a hot air
blow with the thermoelectric generator. (The original pictures were supplied from Sekisui
Chemical CO,, LTD and Nara Institute of Science and Technology.)

the thin films of inorganic Bi,Te;-based semiconductors [45], organic-based
coordination polymers, and SWNT-based materials [40]. In particular, this
generator made of 20-leg p- and n-type SWNTs (Figure 6.14) can produce the
electric power of microwatts-to-megawatts from ~50 K temperature difference.
The device is stable under ambient conditions. Such high-performance gen-
erators with capacitors can power the LED devices using heat source (i.e., a
commercial hand blower in Figure 6.14).

Also, these flexible thermoelectric modules may be used in the simulta-
neous detection of any other physical properties. Zhu et al. have developed
self-powered devices that can simultaneously sense pressure and temperature,
using organic thermoelectric materials (Figure 6.15) [46]. These thermoelectric
power generators will be readily implanted in future smart electronic skin
(e-skin) [47].

6.4 Outlook for Flexible Thermoelectric Generators

This chapter tries to provide an outlook on emergent medical devices that are
proposed using flexible thermoelectric materials and devices. Such devices
are in high demand for various physical/chemical sensing ranging from the
self-powered, wireless healthcare monitoring [48], to the sensing-based system
maintenance [49]. Additionally, self-powered robust devices could contribute
to boost fundamental researches on monitoring the activities of animals [50].
It is expected that flexible thermoelectric generators will solve these current
challenges through the materials design.
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Figure 6.15 Multifunctional application of MFSOTE-based-sensing array. Graphs (a,b) show a
photograph and circuit diagram, respectively, of an MFSOTE array with 4 x 4 pixels. Graphs
(c,d) show schematic illustrations of the integrated array: (c) all the devices connected in series
can be used as an electricity generator for harvesting energy. (d) The device switches to a
self-powered dual-parameter sensor model when subjected to an external pressure. The insets
in graph (c,d) show magnified views of the circuit connection between two pixels under
unloading and loading conditions, respectively. (e) The thermoelectric voltage (top),
temperature (middle), and pressure (bottom) responses of a MFSOTE array to five finger-touch
cycles. The bottom surface of the MFSOTE array is heated with a Peltier element. (Zhang et al.
2015 [46], https://www.nature.com/articles/ncomms9356. Used under CC BY 4.0 https://
creativecommons.org/licenses/by/4.0/.)
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7.1 Introduction

Flexible devices have shown booming development in recent years, implying that
flexible devices might lead the new revolution of electronics. Currently, flexible
displays [1-5], artificial skins [6—13], flexible medical devices [14—17], and even
bendable mobile phones have been produced. To satisfy the mechanical proper-
ties’ requirement of flexible devices, energy storage devices are demanded to be
flexible too. As a result, energy storage components and power sources, such as
supercapacitors, thin-film Li ion batteries, and solar cells with mechanical prop-
erties of flexibility or even stretchability are being developed. It is required that
these energy storage units can maintain high power and energy supply under con-
secutive mechanical deformation, such as twist, bend and even stretch. Further-
more, these energy storage devices are desired to possess remarkable mechani-
cal strength to afford the numerous shape deformations resulting from the daily
activities of human beings; this is especially important for the power source to
power wearable healthcare and medical electronics.

Currently, portable and flexible electric devices mainly use rechargeable
batteries as their power sources. Thin-film batteries or microbatteries have
been commercially available and the market for such batteries has shown rapid
expansion. Rechargeable batteries, particularly Li ion batteries, can provide
high-energy density. However, the disadvantage is that they suffer from relatively
slow charging/discharging rates, low power densities and short lifecycle. As an
alternative to batteries, supercapacitors were created after capacitors had been
developed for more than 100 years. Their power deliveries are superior to that
of capacitors, which bridge the gap between capacitors and batteries, as shown
in the Ragone plot (Figure 7.1) [18, 19]. Compared to batteries, supercapac-
itors (also named as ultracapacitors or electrochemical capacitors) can work
for quite a long duration, usually millions (10°-10°) of charging/discharging
cycles, without losing their electrochemical performances. Supercapacitors also
possess much higher capacitance as compared to capacitors. Therefore, they are
essential toward meeting increasing energy demands, for example, the electric

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 7.1 Ragone plot showing the specific power against specific energy for various
electrical energy storage systems. (Simon and Gogotsi 2008 [18]. Reproduced with permission
of Nature Publishing Group.)

vehicles that require high power delivery [20]. However, integrating with flexible
electronic components has been proven to be cumbersome in the case of conven-
tional supercapacitors (usually with rigid mechanical properties), which limits
their widespread applications. Consequently, flexible supercapacitors that can
maintain their performances while under mechanical deformation are developed
to catch up with the booming rise of the requirement for flexible devices.

7.2 Flexible Supercapacitors Based on 2D Materials

Based on the different energy storage mechanisms, supercapacitors can be
classified into three categories: (i) electric double-layer supercapacitors (EDLCs)
that electrostatically store charges on the large-area electrode—electrolyte
interface [21], normally, based on carbon materials [19, 22]. It is demonstrated
that ions were distributed in two regions of the electrode—electrolyte interface
(Figure 7.2): the Stern layer (the nearest layer to the electrode surface where
ions are strongly adsorbed) and a diffuse layer (ions distributed in a relatively
low concentration driven by the thermal motion). Therefore, the capacitance of
EDLCs can be considered as originating from two parts, the capacitance of the
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Figure 7.2 Models of the electrical double layer at a positively charged surface: (a) the
Helmholtz model, (b) the Gouy—Chapman model, and (c) the Stern model, showing the inner
Helmholtz lane (IHP) and outer Helmholtz plane (OHP). The IHP refers to the distance of closest
approach of specifically adsorbed ions (generally anions) and OHP refers to that of the
nonspecifically adsorbed ions. The OHP is also the plane where the diffuse layer begins. (d) the
double layer distance described by the Helmholtz model. y, and y are the potentials at the
electrode surface and the electrode/electrolyte interface, respectively. (Zhang and Zhao 2009
[19]. Reproduced with permission of Royal Society of Chemistry.)

Stern layer as well as the diffuse region; (ii) pseudosupercapacitors where the
electrical energy is stored in an electrochemical way with electron transfer during
reversible redox reactions. It is another type of capacitance, which is different
from electric double-layer capacitance. This capacitance is not electrostatic in
origin and comes into sight when a charge transferring process takes places in
an electrochemical way at the surface of electrode materials, typically, based on
metal oxides and conducting polymers; (iii) Hybrid supercapacitors, which are
a combination of the two previous categories, since both the significant electric
double-layer capacitance and the pseudocapacitance work together in this type
of supercapacitor.

7.2.1 2D Electrode Materials for Flexible EDLCs

In EDLCs, the electrical energy is directly stored through an electrostatic way
(known as non-faradaic electrical energy storage), as positive and negative
charges store on the surface of two electrodes. In such energy storage systems,
the electrons move to and from the capacitor electrodes during charging and
discharging processes, and no chemical reactions occur. Since it is a non-faradaic
charge storage process, ideally, no electron transfers from the electrodes into
the electrolyte. Electrons only transport reversibly between the electrode via
the external circuit, while cations and anions move in the electrolyte to the
electrode—electrolyte interfaces. Therefore, the charging/discharging process of
EDLC:s is highly reversible, and such capacitors have a high degree of cycling
stability (10°-10° cycles).
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Normally, for commercial supercapacitors, active carbon is the most widely
used electrode-active material due to its chemical stability, high surface area,
and low cost. However, the disadvantage of active carbon is its rigid mechanical
property, which restricts the flexibility of supercapacitors. When the supercapac-
itors are employed for powering flexible systems, they have to suffer bend, twist,
and even stretch [23, 24]. These mechanical deformations could easily result in
cracking and peeling of the active carbons, which could decrease the electro-
chemical performance of the supercapacitors. To prevent the electrode-active
materials from cracking and peeling off, polymer binders and conductive addi-
tives are added. The binders and conductive additives can enhance the electrical
conductivity and improve the adhesion between the electrode materials and the
substrates [25-28]. However, a disadvantage of using additives is that it could
affect the electrochemical performance of the supercapacitors. For example, the
capacitance would be decreased due to some aggregations resulting in “dead
volume” caused in the electrode where the ions cannot penetrate. Simulta-
neously, compared with active electrode materials, the additives contribute a
lower capacitance, and as a result, the specific capacitance will be decreased
[29-34]. Therefore, to enable the flexible supercapacitors with synergic excellent
energy storage as well as good flexibility is a great challenge. Generally, flexible
supercapacitors require the electrode materials to be thin and highly flexible, so
that they can be integrated into flexible substrates. The electrode materials are
demanded to possess not only distinguished electrochemical performance, but
also stable mechanical properties upon shape deformation (twist, bend, fold,
and even stretch). Therefore, the selection of the electrode active materials of
flexible supercapacitors is critical for realizing the required performance.

Recently, considerable attention has been drawn to the preparation of elec-
trode materials for flexible supercapacitors based on numerous nanomaterials
[22, 35-38]. A major feature that discriminates various types of nanostructures
is their dimensionality. According to the dimensionality of the electrode active
materials, they can be classified into zero-dimensional (0D), one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) materials [34].
Nanoparticles belong to the 0D category; they expose large active surface to the
electrolyte, which can enhance the electrochemical energy storage. However, as
discussed previously, when they are used as the electrode materials of flexible
supercapacitors, they suffer from cracks and peeling off from the substrate,
and therefore, polymer binders and conductive additives need to be added.
Nanowires, nanotubes, and nanorods belong to the 1D category; nanosheets
belong to the 2D category, while foam and network structure are described
as belonging to the 3D category. In contrast to 0D materials, 1D, 2D, and 3D
materials are of great advantage for the electrode materials of flexible super-
capacitors, owing to their remarkable mechanical flexibility that results from
the overlapping between each other during their stacking to form a thin film.
Especially for the 2D materials, their thickness lies in several nanometers (single
or several atomic layers), which bring synergic advantages of tunable electrical
natures, large surface area, and distinguished electrochemical activities. In this
chapter, we try to give an introduction to the flexible supercapacitors based on
2D materials.
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Electrode materials are the key components of flexible EDLCs. They need
to meet two critical requirements. Firstly, they are required to be active to
store charge at the electrode—electrolyte interface, which contributes to the
capacitance of the supercapacitor. Secondly, they are demanded to possess
the ability to mechanically integrate on the flexible substrate, so that a high
and stable energy delivery could be realized during their shape deformation
process. One-dimensional materials, such as nanowires, nanotubes, and
core-shell nanostructures have been widely investigated and reported to serve
as active electrode materials for flexible supercapacitors, owing to their large
length-to-diameter ratio to overlay with individuals to construct thin-film
architectures possessing good mechanical stability [39-50]. Among these 1D
nanomaterials, carbon-derived materials have got considerable attention to be
used as active materials for EDLCs [51-62]. For example, using one-step aerosol
synthesis method to produce thin single wall carbon nanotube (SWCNT) films
and transferring them to different substrates by a dry press transfer technique,
Kallio et al. successfully achieved flexible supercapacitors with an area-specific
capacitance of 552 pFcm™2 (178 Fg™! in mass) [63]. The as-prepared SWCNT
thin film exhibits excellent mechanical strength, and the capacitance of the
flexible supercapacitors does not degrade during 10000 loading cycles. More-
over, helically coiled carbon nanotubes (HCNTs) can also work as the electrode
materials for flexible supercapacitors. Kar et al., via a catalytic chemical vapor
deposition (CVD) process, synthesized free-standing mesoporous HCNTs on
unidirectional carbon fiber to get hierarchical structures [64]. The as-prepared
hierarchical HCNTs/carbon fiber structures was used as electrodes for the
flexible supercapacitors and a highest gravimetric capacitance of 125.7Fg™!
(145.3mF cm™ in area) at a current density of 0.28 mA cm™2 was obtained.
Here, the excellent specific capacitance is contributed by the high surface
area, hierarchical electrode structures, and also the richness of the functional
groups (oxygen-containing surface) of the HCNTs. Furthermore, owing to the
helically coiled structure of the carbon nanotube (CNT), they can connect with
each other more firmly, simultaneously; the carbon fiber which works as the
depositing substrate as well as current collector is highly flexible. Therefore, the
capacitance decrease of the as-prepared supercapacitors was not noted even
under a 120° bend. Besides 1D nanomaterials (CNT), 1D micromaterials are also
developed as electrode materials for flexible supercapacitors. One-dimensional
nanomaterials (nanotube, nanowires, etc.) are always produced through an
artificial synthesis process. Contrastingly, micromaterials with 1D structure
(e.g., microwires) could be directly achieved from plants. Hence, the electrode
materials fabrication process could be simplified; furthermore, the total cost of
the flexible supercapacitors could be reduced. Motivated by such advantages,
Tour et al. demonstrated the design and fabrication of a flexible microporous
nitrogen-doped carbonized cotton by a facile template-free method [65]. Micro-
porous structures are formed where NH; reacts with the carbon cotton during a
thermal treatment process. The N doping increases the electronic conductivity
and induces pseudocapacitive effects of carbon cotton. Furthermore, the N
doping can also enhance the wettability of carbon cotton, which benefits the
penetration of electrolyte into the inner part of electrode materials, leading
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to efficient usage of the internal surface of electrode materials. Therefore, the
resulting flexible supercapacitors show a high specific capacitance of 207 F g~}
as well as an energy density of 7.2 W h kg™ at the current density of 1 A g~L. The
device also exhibits good flexibility; it still maintains stable performance after
4000 bending times.

Since the discovery of graphene in 2004, as one of the widely investigated 2D
materials, materials with two-dimensional structures have drawn more and more
interest. With their high surface area and the ability to form thin film easily,
2D materials, such as graphene and metal oxide nanosheets are employed as
a material’s platform for electrode active materials for flexible supercapacitors
[66—71]. The unique advantages of the 2D materials to work as electrode mate-
rials for flexible supercapacitors are that, firstly, the ultrathin structures (atomic
level thickness) of 2D materials expose a large surface area to the electrolyte. Con-
sequently, numerous active sites can be involved in the electrochemical process,
which is very important for enhancing the capacitive behavior of supercapaci-
tors. Secondly, the formation of thin-film electrode of 2D materials is enhanced
by their overlapping connection: the large overlapping area between individual
sheets contribute to the enhanced flexibility of the thin film electrode [66].

Among these 2D materials, graphene-based materials are widely explored as
active materials of flexible supercapacitors, because of their unique properties,
including large surface area (~2630m?g™!), high conductivity, wide potential
windows, and excellent mechanical flexibility. Single-layer graphene is charac-
terized to possess a specific areal capacitance of ~27 Fcm™2 [72]. Therefore,
theoretical capacitance (EDLCs) as large as ~550 F g~! could be realized from
graphene materials, which ideally obtain the maximum capacitive performance
of carbon-based materials. The predominant electrochemical performance of
graphene is impacted by the sheet’s size and the amount of sheet layers as well
as by the density of defects [73]. To date, several strategies have been adopted
with regard to the synthesis of graphene. CVD has been demonstrated as an
efficient method for graphene production [74-78]. Graphene synthesized by
this method exhibits nearly perfect properties owing to few defects and big
crystal domains in the sheets, which have contributed to enhancing the charge
mobility for electronic applications. Nevertheless, because of the low yield and
high cost of this technology, this technology is not considered to be competent
to fordize electrode materials for energy storage devices. Besides the CVD
strategy, two strategies were discovered for mass production of graphene with
low cost and high output: liquid-phase exfoliation and reduction of graphene
oxide (GO). During the liquid-phase exfoliation process, the van der Waals
attraction between the graphene layers is weakened by dispersing pristine
graphite particles in a solvent. Then ultrasonication [79], by electric field [80]
or shearing [81], is employed to exfoliate the graphite into graphene sheets.
In the second strategy, first, GO is synthesized by strong oxidation of pristine
graphite, consequently, GO is further reduced though a chemical, thermal, or
electrochemical processes to restore the n network. The quality of graphene
produced by these two methods is not as high as that produced by the CVD
process due to defects such as edges, deformations, and O—/H- containing
groups. But these methods provide a way for the mass production of graphene



7.2 Flexible Supercapacitors Based on 2D Materials

Graphene/nanotubes

Graphene

Graphene/nanoparticles

Figure 7.3 (a) Schematic drawing of stacking graphene film and cross-sectional SEM image of
the reduced graphene oxide films (inset: SEM image of its surface). Qi et al. 2015 [87].
Reproduced with permission of John Wiley & Sons. (b) Schematic drawing of stacking
graphene/nanoparticles film and cross-sectional SEM image of graphene/carbon nanosphere
film. Lu et al. 2016 [95]. Reproduced with permission of Elsevier. (c) Schematic drawing of
stacking graphene/nanotubes film and cross-sectional SEM image of graphene/carbon
nanotubes film. (Lu et al. 2011 [96]. Reproduced with permission of Elsevier.)

materials with contained cost and are therefore, suitable technologies for the
production of graphene materials for energy conversion and storage devices.

Apart from the high yield and low cost, excellent flexibility, good mechanical
properties, large surface area, and good conductance also make graphene as
promising active materials for flexible supercapacitors [82—85]. However, as the
graphene sheets always lie in microscale, assembling these micro sheets into
films to serve as the electrodes is a critical issue for graphene-based flexible
supercapacitors. Recently, several methods have been successfully employed for
the preparation of graphene films, such as synchronous reduction and assembly
[86, 87], vacuum filtration [88, 89]. Spin-coating [90], Langmuir—Blodgeett
process [91], electrophoresis [71], layer-by-layer deposition [92], and interfacial
self-assembly [93]. Via a simple vacuum filtration strategy, graphene films were
fabricated and employed as flexible electrode materials for supercapacitors
[94]. It is notable that graphene sheets can be individually dispersed in the
solution, and during the following vacuum filtration process, aggregation and
restacking occur to the graphene sheets because of the strong van der Waals
interactions among the graphene sheets (Figure 7.3a) [87]. Consequently, a much
lower surface area of the graphene-based electrode than the theoretical value
(~2630 cm? g™!) results and the penetration of electrolyte ions into the electrode
is reduced [83]. As a result, the electrochemical performances (capacitance,
power, and energy density) are lower than the expected values.

To prevent the graphene sheets from aggregation during the electrode film
fabricating process, attention has been paid to many efforts and effective strate-
gies have been developed including infrared laser reduction [97], adding spacers
[98, 99], template-assisted growth [100], and crumpling method [101]. Irradia-
tion of the GO film using the infrared laser can reduce the GO, and based on this
principle GO films on flexible substrate were directly reduced to graphene by the
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laser from a commercial LightScribe DVD optical drive [97]. Simultaneously, the
initially stacked GO films were converted into well-exfoliated reduced graphene
oxide (rGO) films. The supercapacitors, employing the laser-reduced GO as
electrode materials, show excellent performance among the flexible supercapac-
itors based graphene materials. In addition, adding 0D (nanoparticles) or 1D
(nanotube or nanorod) materials into the interspace among the graphene sheets
has proved to be an effective strategy to prevent stacking [98, 99]. Through a
vacuum filtration strategy, Lian et al. used carbon black nanoparticles to restrict
the stacking of graphene layers, resulting in high-active surface area of the
electrode materials. Therefore, the carbon black nanoparticles incorporated
graphene-based supercapacitors perform a remarkable capacitance. The mass
specific capacitance is 138 Fg™! (scan rate; 10mVs™) and a negligible 3.85%
capacitance degradation is obtained after 2000 charging/discharging cycles.
Similarly, mesoporous carbon nanospheres are also employed as the spacer
for reducing the stacking of graphene sheets in the fabricating procedure. In
a typical experiment, the graphene papers inserted with mesoporous carbon
nanospheres show a specific surface area of 584 m? g~! that is higher than that of
graphene papers (37 m? g~!) without nanosphere insertion [95]. Cross-sectional
scanning electron microscopy (SEM) images demonstrate that the stacking of
graphene sheets has been effectively inhabited (Figure 7.3b), facilitating ions
to access the surfaces of graphene in forming electric double layers. When the
as-prepared graphene film inserted with carbon nanospheres was used as the
electrode of supercapacitors (1 M KOH electrolyte), excellent electrochemical
performance was obtained, including high specific capacitance (211Fg™! at
0.2 A g™1), excellent electrochemical stability (4% capacity loss after 5000 cycles),
and good rate capability (61% capacity retention at 20 A g71). The utilization of
0D materials can effectively reduce the self-stacking of graphene sheets in the
fabricating procedure, resulting in excellent electrochemical performance of the
graphene-based flexible supercapacitors.

Besides the good electrochemical performance as flexible electrodes, the
mechanical property of the graphene- based electrode is another crucial issue
that needs to be addressed. It is supposed that the inserted nanoparticles would
decrease the mechanical strength of the graphene film because the nanoparticles
reduce the stacking of individual graphene sheets, resulting in the decrease of
the overlaps among the graphene sheets. However, the influence of the inserted
nanoparticles or nanospheres on the mechanical properties of the graphene films
is still less investigated. Adding 1D materials (nanotube, nanofiber) instead of 0D
materials is an alternative way to suppress the influence of spacer materials on
the mechanical properties of graphene-based electrode. Similar to 0D spacers,
1D spacers could also result in decreasing the overlap among graphene sheets,
but overlaps between the graphene sheets and spacers (nanotube or nanofiber)
and overlaps between the spacers themselves will form, which could enhance
the mechanical strength of the graphene films. Furthermore, the conductive
1D spacers can bridge the defects for electron transfer among the graphene
sheets [102—-105]. For example, CNT is employed to serve as the spacers in the
graphene film for flexible supercapacitors. In a typical experiment, both GO
and CNT were dispersed in water solution, after conducting a vacuum filtration
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strategy, and the graphene/CNT film was achieved [96]. In this design, the CNT
not only efficiently decreases the stacking but also enhances the electron transfer
among graphene sheets, resulting in a high electrolyte—electrode interfaces for
the forming of electric double layers (Figure 7.3c). The supercapacitor based on
graphene/CNT film possesses a specific capacitance of 265F g™ (0.1 Ag™) as
well as a good rate capability (49% capacity retention at 50 A g™!). Moreover,
97% of the capacitance is retained after continuous charging/discharging of 2000
cycles. Recently, by employing vertically aligned CNTs to separate the parallel
graphene layers, a novel 3D structure has been designed by a computational
model. It reveals that this structure can possess good electrochemical perfor-
mance [102]. Consequently, experimental fabrication of the graphene films with
vertically aligned CNTs grown in between graphene sheets is realized viaa CVD
approach. The as-prepared graphene/CNT films have been successfully used
as electrodes for flexible supercapacitors, and a maximum specific capacitance
of 385F gt (scan rate 10mV s™!) has been realized [103]. The capacitance of
supercapacitors is significantly affected by the electrode—electrolyte interfaces.
Apart from preventing the stacking of graphene sheets, the interfaces also can
be increased by constructing the electrode materials with 3D porous structures,
such as aerogels, sponges, frameworks, and foams. These 3D structures, possess-
ing nanostructures, microstructures, even macroporous networks, can provide
high electrode—electrolyte interface areas and benefit the electron/ion transport.
For instance, graphene film with 3D macroporous bubbles is produced by using
the assembled polymethyl methacrylate (PMMA) spheres as the sacrificial
template. The porous diameter could be tailored by adjusting the diameter of the
PMMA spheres. The prepared 3D macroporous graphene film as a “binder-free”
supercapacitor electrode can afford quite a high-rate capability (1.0Vs™). In
addition, polystyrene (PS) spheres can be used as the sacrificial template for the
preparation of graphene macroporous structures. Additionally, by employing
nickel foam as the template, graphene foam can be prepared via a synchronous
reduction and assembly strategy or CVD process [106, 107]. The as-prepared
graphene foams possess high surface areas. Compared with the graphene foam
achieved via a synchronous reduction and assembly strategy, the graphene foam
produced by a CVD strategy gives a higher conductivity due to few defects
produced in the CVD process. As a result, it exhibits an excellent electrochemical
performance, which serves as electrode active materials for flexible superca-
pacitors. The fabrication of 3D porous graphene materials could also be further
simplified by a one-step fabricating method. For example, inspired by the leaven-
ing process, Chen et al. successfully transferred compact graphene films to fluffy
films with 3D porous networks with a submicrometer to several micrometers
pore sizes [108]. Employing the as-prepared 3D porous graphene film to serve as
both the electrode and current collector, flexible supercapacitors are built up with
a specific capacitance of 110 F g7, No obvious capacitance decrease is observed
when the device was under bending, which demonstrates its excellent flexibility.

Another factor that limits the electrochemical performance of supercapacitors
fabricated from graphene-based materials is their low conductivity, which
limits electron transport in the electrodes and thus reduces the performance
of supercapacitors. The reduction of GO by methane (CH,) plasma treatment
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is demonstrated to be an efficient approach to increase the conductivity of
graphene-based materials. During this treatment, the CH, plasma, rich as a car-
bon source (such as C*, CH, " and CH,, n = 1-3), would repair the defects in GO,
thus a high C/O ratio (9.2) could be obtained and high electrical conductivity
(345Scm™) resulted. A flexible supercapacitor based on CH,-plasma-treated
graphene was reported by the researchers in the Max-Planck-Institute [109].
After CH,-plasma treatment, the maximum area and stack capacitance of
their supercapacitor is 80.7 pFcm™ and 17.9F cm™3, respectively, which is
much higher than that of the supercapacitor (32.6pFcm™ and 7.3 Fcm™3)
fabricated from untreated graphene materials. This work demonstrates that
the conductivity of electrode materials plays a vital role in the performance of
flexible supercapacitors.

The advantages of 2D materials are even obvious when they are employed as
the electrode materials for in-plane microsupercapacitors [66, 110]. Compared
with the conventional supercapacitors with sandwiched structures, a partic-
ular metric of in-plane microsupercapacitors is the design of interdigitated
microelectrode fingers. Particularly, the in-plane interdigitated architectures
offer several advantages over the sandwiched architectures. Firstly, this design
enables the electrodes to possess a high edge-to-area ratio and makes the
open edges to be side-by-side. So, the electrode—electrolyte interfaces could be
increased as the edges of the electrodes are exposed to electrolyte. As a result,
excellent power density that is many orders larger than that of conventional
supercapacitors and batteries can be achieved [66]. Secondly, due to the narrow
interspace between electrode fingers as well as the elimination of the separators
(necessary in supercapacitors with conventional sandwiched structures), the
electrolyte ion transport resistance in the supercapacitors can be reduced and
charging/discharging at high frequency can be achieved. This is crucial for
future miniaturized portable electronics [111]. Thirdly, the unique in-plane
architecture facilitates the microsupercapacitors to be flexible, especially, when
2D electrode materials are employed; the overlap between the sheets prevents
the electrode film from fracture. Finally, the in-plane electrode architectures
facilitate the integration of microsupercapacitors to on-chip integrated cir-
cuits [112-114]. Therefore, microsupercapacitors with in-plane architectures
are suitable candidates for power supply and energy storage components of
miniaturized healthy and medical electronics.

Taking graphene as a typical sample of 2D materials, the in-plane design
of interdigitated electrode arrays is straight forward to efficiently utilize the
surface of individual graphene layers for electric charge storage, since the open
architecture and multilayer structure of graphene electrode films are very
favorable to increase the electrode—electrolyte interfaces [115], as shown in
Figure 7.4 [23]. An in-plane ultrathin microsupercapacitor fabricated from pris-
tine graphene or multilayer rGO has been successfully demonstrated. Compared
to conventional sandwich structured supercapacitors, a dramatic increase in
capacitance of in-plane microsupercapacitors is achieved [115]. However, as
discussed previously, for the electrode composed of graphene materials, the
electrochemical performance is also hindered by the aggregation and restacking
of graphene sheets during processing and the actual accessible surface area
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Figure 7.4 Schematic depiction of the operating principle of: (a) the stacked-geometry
conventional supercapacitors, and (b) in-plane micro-supercapacitors. (Qi et al. 2016 [23].
Reproduced with permission of John Wiley & Sons.)

is much lower than the theoretical value (~2600m?g™'). Therefore, spacers
are added among graphene layers to prevent their restacking. For example,
when using CNTs as the spacers, nanochannels form among graphene sheets
and graphene stacking could be effectively reduced [116]. The nanochannels
enlarge the surface area of the electrodes, and provide pathways for efficient
ion transportation parallel to the graphene planes. Hence, the electrochemical
performance of microsupercapacitors is enhanced [117].

The performance of flexible supercapacitors fabricated with graphene-based
materials could be enhanced by constructing graphene into 3D structures, owing
to the enlarged electrolyte accessible surface areas of 3D structures. Graphene
hydrogels and aerogels consisting of 3D macrostructures have been successfully
produced by one-step hydrothermal reduction process [118—122]. They are also
successful in application as flexible electrodes for supercapacitors. For instance,
Shi et al. reported a 3D-structured graphene hydrogel synthesized by reducing
the GO dispersed aqueous solution with sodium ascorbate [119]. The resulting
graphene hydrogel possess a well-defined and cross-linked 3D porous structures;
simultaneously, the hydrogels are mechanically flexible and show a conductivity
of 1Sm™!, and therefore, they show remarkable electrochemical performances
with a specific capacitance of 240 Fg~! (1.2 Ag™! in 1 M H,SO, solution). More-
over, the conductivity of the graphene hydrogel could be improved by further
reduction of the GO with hydrazine or hydroiodic acid [123]. After reduction,
the graphene hydrogels exhibit a relatively high conductivity (1.3-3.2Sm™).
Accordingly, when the graphene hydrogel is employed as electrodes of flexible
supercapacitors, a specific capacitance of 220Fg™! at the current density of
1 Ag™! can be achieved.

7.2.2 2D Materials for Pseudocapacitive Supercapacitors

The performance of EDLCs is based on the non-faradaic electrostatic attraction
of ions in the electrode—electrolyte interface. High charging/discharging rate and
high power density are the main features of EDLCs. Recently, graphene-based
materials have been the most widely investigated electrode materials for flexible
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EDLCs. Good conductivity, high surface area, excellent mechanical strength and
flexibility, as well as chemical stability in aqueous and organic electrolyte are the
advantages of graphene-based materials for this application. However, the capac-
itance and energy density is still low even when the stacking of graphene sheets is
decreased by inserting spacers (carbon nanoparticles, CNTs). A great enhance-
ment in capacitance and energy density can be obtained if a quick faradaic pro-
cess takes place. In this case, the electrode process involves electrons transfer
reversibly between electrode and ions or molecules in the electrolyte. This type of
supercapacitor arises from some redox reactions at the electrode surfaces, which
is different from that of the EDLCs. The capacitance presented by such systems is
regarded as pseudocapacitance. It originates from the reversible process of elec-
tron transfer between an oxidized state and a reduced state, and when the redox
reaction is some continuous function of the applied potential, the pseudocapac-
itance arises. In principle, this pseudocapacitance can be much larger (10-100
times) than those of electric double-layer systems in the same volume or weight.
Thus, pseudocapacitive materials hold the potential of reaching the energy den-
sity level of a battery. Commonly, when conducting polymers (polypyrrole (PPy),
polyaniline (PANI), polythiophenes (PTh) and their derivatives) [124—135], and
transition metal oxides (RuO,, IrO,, MnO,) [136—143] are used as the electrode
materials of supercapacitors, the pseudocapacitance would be revealed.
Conducting polymers exhibit pseudocapacitance by storing and releasing
charges via a redox process of the m-conjugated polymer chains [133-135,
144-151]. The following essential features define the electrochemical behav-
ior of conductive polymers: (i) the sequential range of oxidized states that
supervenes the applied potential and (ii) the reversibility of the redox reactions
corresponding to charge withdrawal and reinjection in the surface of electrode
materials. When oxidation occurs, ions transfer from electrolyte to the polymer
backbone. Reversibly, when reduction takes place, ions are released back to the
electrolyte. The process shows an almost mirror image of voltammograms in
cyclic voltammetry that is typical of charging and discharging behavior, and
also responsive current, which is corresponding to the sweep rate. Therefore,
their energy storage behavior exhibits a battery-type, while, their electrical
characteristics are those of a capacitor. Furthermore, conductive polymers can
be fabricated into electrode films by a simple electrochemical process; they
are good candidates of electrode materials for pseudocapacitive capacitors.
Among the most extensively studied conducting polymers, PPy is currently
widely employed as the electrode materials for the supercapacitors owing to its
high conductivity as well as excellent stability [152, 153]. In addition, PPy also
possesses good flexibility and mechanical strength after doping with appropriate
molecule [124, 154]. Thus, PPy shows remarkable capability for flexible energy
storage devices. For example, using PPy/Nafion as a flexible electrode, a flexible
supercapacitor is demonstrated [133]. Specific capacitance of 380 F g~!, power
density of 15.50 kW kg1, and energy density of 56 W h kg~ are obtained. How-
ever, the insertion/de-insertion of counterions during the charging/discharging
cycles causes volumetric changes of the electrode materials, accompanying
progressive electrode degradation due to the swelling, breaking, and shrinkage,
which could result in a conductivity loss of the electrode. On the other hand,
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the surface area of the conducting polymer film is not high, which limits the
capacitance of as-prepared supercapacitors. Therefore, conductive carbon
materials are introduced as the resilient and the surface-area-enlarging additives
for enhancing the mechanical properties, simultaneously ensuring the good
conductivity of the electrodes [22, 155-166]. Furthermore, combining PPy with
polyimide is employed to enhance the energy storage capabilities of PPy based
electrode materials, because the oxidative degradation of PPy can be protected
by the polyimide matrix [167]. Since conducting polymers were utilized as
electrode materials for supercapacitors in the mid-1990s, many efforts have been
devoted to this area. However, the conducting-polymers-based 2D electrode
materials for supercapacitors are still less reported, and the possible reason is
that the synthesis of conducting polymers in 2D structures is not facile.

Additionally, supercapacitors that employ transition metal oxides to serve
as electrode materials have been widely investigated during the past decades
[168-179], because the metal oxide materials (RuO,, IrO, MnO, NiO, Fe,O,)
are accessible to faradaic behavior of oxidation and reduction. Among them,
ruthenium oxide (RuO,) has been widely studied since Trasatti and Buzzanca
demonstrated its capacitive properties [180], owing to its electric conductance
and three distinct oxidation states accessible within 1.2V [98, 116]. Its pseudoca-
pacitive behavior exhibits the following feature: fast reversible electron transfer
accompanied with protons adsorbed on the RuO, surface, according to Eq. (7.1),
resulting in the change of Ru oxidation states.

RuO, + xH* + xe™ = RuO, — x(OH), (7.1)

The value of x (0 <x<2) changes corresponding to the proton insertion or
de-insertion that takes within a potential window of about 1.2'V. Consider-
able attention has been drawn for the development of high pseudocapacitive
RuO,-based electrode materials [181, 182]. For instance, a supercapacitor is
fabricated through electro-deposition of mesoporous RuO,, which gives a
maximum specific capacitance of 12.6 mF cm~2 [181].

Although noble metal oxides (RuO,, IrO,) show excellent pseudocapacitive
performance, the drawback is their relatively high cost. Consequently, people try
to explore other low-cost alternatives. In recent years, base metal oxides, such
as iron [183, 184], cobalt [185, 186], nickel [47, 187, 188], vanadium [189, 190],
molybdenum [191], and manganese [192—194] have drawn much attention. Par-
ticularly, manganese oxide (MnQO,) has got maximum attention because of its
outstanding pseudocapacitive behavior (1370 F g™1), eco-friendly nature, easy to
obtain, and low cost of raw material [195-200]. The energy storage of MnO, is
contributed by the electrolyte cations (C*) adsorbed on its surface as well as pro-
ton incorporation according to the Eq. (7.2):

MnO,+ xC* + yH* + (x + y)e” = MnOOC,H, (7.2)

Its voltammogram is close to that of an electric double-layer capacitor due to
the fast, reversible, and successive surface redox behavior. In recent decades,
MnO, has been widely employed as the active material for flexible superca-
pacitors [201, 202]. It is notable that although it possesses a high theoretical
specific capacitance (1370Fg™!), the energy density of the supercapacitors
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based on pristine MnO, materials is still limited owing to its intrinsically poor
conductivity (107°-107°Scm™). Therefore, conductive carbon-based addi-
tives, such as carbon nanoparticles [203], CNT [204], and graphene [205] are
employed to enhance the conductivity, resulting in enhanced electrochemical
performance of the devices. Another kind of conductive additive is derived
from metals. For instance, nanoporous Au could work as highly conductive
additives to support MnO, (Figure 7.5a,b) [28]. The nanoporous Au promotes
the electrons to speedily transport through the MnO,, greatly enhancing the
ion transfer between MnQO, and electrolytes, and consequently, a capacitance of
1145 F g~ is realized. Additionally, the energy and power densities of the flexible
supercapacitors (Figure 7.5¢) fabricated from the hybrid Au/MnO, structures
increase by adding the loading amount of MnO,, and get to maximum of
57 W hkg™ and 16 kW kg™!, respectively. Generally, it is demonstrated that the
electrodes based on hierarchical nanostructure assembled from 2D nanosheets
can enhacne the electrochemical performance of supercapacitors, due to their
enchanced electrode—electrolyte interfaces and electroactive sites [174, 206].
Recently, 3D MnO, nanosheets/ZnCo,O, nanowired structures grown on
carbon cotton have been employed as the electrode of supercapacitors. In
this design, MnO, nanosheets were vertically synthesised on the surface of
ZnCo,0, nanowires, which dramtically enhanced the electrochemical active
sites. The as-prepared electrode exhibits an area capacitance of 3.6 Fcm™2 at
a current density of 2mA cm™? and of 2.3 Fcm™ even at a current density of
100 mA cm~2. Moreover, the electrode also exhibits an excellent cycling stability
by retaining 95.5% of its capacitance after 5000 charging/discharging cycles,
rendering the 3D ZnCo,0O, nanowired/MnO, nanosheet structures as good
candidates of electrode material for high-performance flexible supercapacitors
[207]. Furthermore, mixed transition metal oxides have been believed to hold
great potential as advanced electrodes for supercapacitors, owing to their
improved electronic conductivity as well as rich redox reactions [206, 208—210].
For example, Na,Ti;O, nanosheet arrays fabricated on carbon textiles are used
as the electrode materials for enhancing the electrochemcial performance of
flexible pseudocapacitors [210]. An energy density of 55 W hkg™! and power
density of 3000 W kg™! are obtained. Additionally, the flexible device exhibits
a stable electrochemical performance almost without losing any capacitance
even under harsh mechanical deformation. Hierarchical NiMoO, structures
consisted with uniformly aligned nanosheets grown on nickel foam are explored
as the electrode materials [206]. In this design, two different metal materials
are involved in the metal oxide (Figure 7.5d); as a result, a great number of
redox reavtive sites and enhanced conductivity are obtained. These architectures
with an extended voltage window of 0-1.7V show excellent electrochemical
performance. NiMoO, nanosheets (Figure 7.5e) as electrode materials for super-
capacitors possess higher faradaic capacitance than that of NiMoO, nanorods.
They give a high energy density of 60.9 W hkg™! as well as a power density of
850 W kg~!. Moreover, the device retains 85.7% of its initial specific capacitance
after 10000 charging/discharging cycles (Figure 7.5f). It is demonstrated that
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Figure 7.5 (a) Schematic showing the fabrication process for nanoporous gold/MnO, hybrid materials by directly growing MnO, (orange) onto nanoporous
gold. (b) Bright-field TEM image of the nanoporous gold/MnO, hybrid nanostructure, which can be identified by the contrast between the bright MnO, filler
and the dark gold skeleton. (c) Photograph of a nanoporous gold/MnO,-based supercapacitor. (d) Crystal structure of NiMoO, (e) crystallized NiMoO,
nanosheets arrays. (f) Cycling stability of NiMoO, at a current density of 5 Ag™" (the inset shows the photograph of the device). (a-c: Lang et al. 2011 [28].
Reproduced with permission of Nature Publishing Group; d-f: Peng et al. 2015 [206]. Reproduced with permission of John Wiley & Sons.)
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these NiMoO,-based nanomaterils can be fabricated on various conductive sub-
strates (i.e., Nifoam, Ti foil, stainless-steel foil, and graphite paper), and therefore,
can be used as the electrode materials for flexible supercapacitors.

As discussed previously, the advantages of 2D materials for supercapacitors
become even obvious when they are employed in the in-plane microsuperca-
pacitors, because the open edges of the in-plane electrode fingers provide a
path for electrolyte ion diffusion. As a result, the ions can penetrate deeply into
the inside of active materials and enlarge the electrode—electrolyte interfaces,
whereby the specific capacitance could be dramatically enhanced. Recently,
vanadium disulfide (VS,) thin films were successfully produced for constructing
electrode fingers of in-plane microsupercapacitors [211]. Here, the VS, films
are assembled from VS, nanosheets that are exfoliated from bulk VS, flakes.
Owing to the layered structure formed from the stacking of conducting S-V-S
layers by weak van der Waals interactions, VS, offers an ideal material can-
didate for the flexible supercapacitors due to its synergic metallic nature and
2D-structured characteristics. The as-prepared microsupercapacitors possess a
specific capacitance of 4.76 mF cm™2,

7.2.3 2D Electrode Materials for Hybrid Flexible Supercapacitors

For practical application, it is crucial to develop flexible supercapacitors with
higher energy density, high power density and excellent cycling stability. EDLCs
can deliver a high power density but possess a low energy density, since the
charge only stores at the electrode—electrolyte interfaces via a non-faradaic pro-
cess. In contrast, pseudocapacitors can achieve high energy density contributed
by the faradaic redox reactions that happens on the electrode surface; however,
their power-delivering ability and cycling stability are limited too. Hybrid
systems, combining the advantages of EDLCs and pseudocapacitors, provide a
choice for enabling the supercapacitors with high energy density as well as high
power density. One strategy to obtain hybrid materials for supercapacitors is
to mix electric double-layer capacitive materials (i.e., carbon, CNT, graphene)
with pseudocapacitive materials (i.e., PPy, PANI, MnO,) [204, 205, 212-217].
For example, a structure where MnO, nanosheets electrodeposited on CNT
textile is fabricated serves as the hybrid materials for supercapacitors [204]. This
nanostructure could effectively reduce the ion diffusion and electron transport
resistance in the electrode. Furthermore, compared with metal substrates, a
stronger binding is achieved between the MnO, and CNT textile fibers, which
can enhance the stability of cycling performance. For a certain areal mass
loading, the thickness of MnO, deposited on textile fibers is much smaller
than that on the metal substrate. So this structure could provide a greater
number of electrochemical active sites for charge store, which contributes to an
excellent areal capacitance of 2.8 Fcm™2 (0.05 mV s71). Full cells are successfully
fabricated, where the MnO,/CNT/textile is employed as the positive electrode,
while reduced MnO,/CNT/textile is employed as the negative electrode. The
as-prepared pseudocapacitor proves a suitable candidate as an economical
energy storage and wearable power unit. Furthermore, when the 2D active
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materials of electrode are used to construct 3D structures for electrodes,
the surface of 2D materials could be efficiently utilized. Consequently, high
electrochemical performances could be achieved. For example, 3D graphene
networks are employed as the supporter for MnO, deposition. These 3D struc-
tures permit a large mass (9.8 mg cm~2) loading of MnO, which is almost 92.9%
of the mass of whole electrode, giving a high area capacitance of 1.42 Fcm™2 at a
scan rate of 2 mV s™L. After optimizing, a maximum capacitance of 130 F g~! can
be realized. Finally, flexible supercapacitors are obtained by encapsulating the
supercapacitors by polyethylene terephthalate (PET) films [218]. Similarly, the
3D graphene structures are also used to support conductive polymer materials
for the fabrication of hybrid materials for electrodes [219].

Another strategy to obtain electrodes with hybrid materials is to fabricate the
electrodes with alternating stacked electric double-layer capacitive materials
and pseudocapacitive materials. In this design, the layers of electric double-layer
capacitive materials provide a pathway for the electron transport during the
charging/discharging processes, while the pseudocapacitive materials contribute
to the high faradaic capacitance; the overall performance is therefore improved.

The advantage of such an alternating structure is more obvious for the in-plane
microsupercapacitors, where the open edges of the electrode fingers facilitate the
penetration of electrolyte into the inner parts of electrodes. In a typical work,
alternating stacked graphene/PANI hybrid structures are fabricated to serve as
the electrode materials of in-plane microsupercapacitors [220]. A specific areal
capacitance of 210 mFcm™2 at a scan rate of 10mVs~! is achieved. The super
performance results from (i) an additional capacitance that is contributed by the
easily accessible channels with the porous graphene-coupled PANI nanosheets;
(ii) the flexible graphene layers that not only serve as the capacitive layer for
charge storage and offer an electron pathway in the electrodes, but also provide
an elastic spatial confinement effect to buffer the large volume changes of the
redox PANI nanosheets during the charging/discharging process.

Besides the hybrid materials, the other strategy that combines the advantages
of EDLCs and pseudocapacitors lies in the asymmetric supercapacitors, which
are constitutive of pseudocapacitive materials in one electrode and electric
double-layer capacitive materials in the other electrode [221-229]. Such hybrid
architectures yield an enlarged operating voltage window for high energy density
contributed by a synergistic effect of high energy delivered electrode and high
power capable electrode with different working voltage. A crucial aspect to
be considered when designing asymmetric supercapacitors is the balance of
mass ratio between the two electrodes [230]. The amount of charge stored in
each electrode is demanded to be as close as possible to maximize the total
capacitance. The optimal mass ratio of positive electrode over the negative
electrode (m,/m_) can be calculated by the following Eq. (7.3): [231, 232]

m, c_v_

= (7.3)

m_  c,

Vi

According to the optimal mass loading for asymmetric architectures, the
mass of electric double-layer capacitive materials (i.e., carbon-based materials,
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Figure 7.6 (a) Cross-sectional SEM image of the MnO,/graphene oxide nanohybrid paper.

(b) Schematic diagram showing how MnO, nanofibers are embedded among reduced
graphene oxide sheets. (c) Schematic illustration of the flexible asymmetric supercapacitor
based on MnO, /graphene oxide nanohybrid paper as the positive electrode and reduced
graphene paper as the negative electrode in a diluted ionic liquid (1 M EMIMBF, in acetone
nitrile) electrolyte, wrapped in a flexible packaging. (d) Photo of the freely bended asymmetric
supercapacitor device. (Hu et al. 2015 [229]. Reproduced with permission of John Wiley

& Sons.)

such as CNT, graphene) is generally greater than that of pseudocapacitive
materials (conducting polymers or metal oxides). At the initial stage, activated
carbon is chosen as the negative electrode of asymmetric supercapacitors
[233]. Subsequently, carbon nanomaterials are developed as a replacement for
activated carbon for fast power delivery and long cycle stability. For instance,
by combining gel formation and electrochemical reduction processes, Mn;O,
nanofibers are successfully deposited onto 2D rGO paper (Figure 7.6a,b) [229].
The electrical conductivity of this Mn;O,/rGO nanohybrid paper is enhanced by
conducting an electrochemical reduction process, while maintaining its mechan-
ical strength. When incorporated with an electrochemically reduced rGO paper
as the anode, a flexible asymmetric supercapacitor, based on the Mn;0,/rGO
nanohybrid architecture as the cathode, is assembled (Figure 7.6c,d). It demon-
strates excellent electrochemical performances: a volumetric capacitance of
54.6Fcm™ (546.05 mF cm~2), and remarkable volumetric energy and power
density (5.5x103Whcm™ and 10.95Wcm™3) are realized. This kind of
nanohybrid paper promises great enhancement for flexible energy devices in
terms of electrochemical performances and mechanical properties.
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7.3 Conclusions

Flexible supercapacitors are drawing tremendous attention and research interest
due to the increasing requirement for flexible/wearable energy storage devices.
Numerous materials (from 0D to 3D) have been developed as electrode materials
of flexible supercapacitors. In this chapter, we have tried to summarize the recent
developments in flexible supercapacitors using nanomaterials of different mor-
phologies. Special emphasis has been given to 2D materials, because 2D materials
possess the advantages of high surface areas and excellent mechanical properties,
providing an ideal platform for the preparation of thin film electrodes, which is
crucial for the fabrication of flexible supercapacitors. In this regard, it is demon-
strated that (i) to realize efficient utilization of the surface area of 2D materials,
the stacking of the nanosheets should be avoided, especially for graphene-based
materials. An effective way to prevent the 2D materials from stacking is to add
spacers (i.e., carbon nanoparticles and CNT) among the 2D nanosheets; (ii) 2D
materials possess redox active behaviors displaying better electrochemical per-
formance but they suffer from low conductivity; therefore, methods such as dop-
ing the metal oxide materials with another metal or adding conductive additives
(CNT) are employed to improve the conductivity; (iii) the advantages of 2D mate-
rials are particularly evident when they are employed as the electrode materials
of in-plane microsupercapacitors; the in-plane interdigitated design of electrode
fingers provide a high edge-to-area ratio, thus the open edges benefit the pen-
etration of electrolyte into the electrode materials. Finally, an excellent electro-
chemical performance can be achieved. To sum up, 2D materials open a new gate
for the development of flexible supercapacitors with enhanced electrochemical
and mechanical performances.

Although considerable development has been achieved in the development
of flexible supercapacitors, including the discovery of new electrode materials
and rational design of the electrode structure as well as the improvement of
fabricating technology, there are still obstacles to be surmounted for their
practical applications. Future flexible supercapacitors are expected to come
close to current Li ion batteries in energy density while maintaining their high
speed power delivery capability. It is expected that the flexible supercapacitors
could be produced in an effective and efficient technological process to satisfy
industry receptacles. In order to realize this goal, the following several crucial
issues need to be considered. Firstly, the development of an electrolyte with
a large operating voltage window could enhance the energy density of the
flexible supercapacitors, because the energy density is positively related to
the square of the operating voltage. Furthermore, in order to avoid leakage of
the electrolyte, the development of all-solid-state electrolytes with excellent
ion-transporting properties and a high voltage window is desired. Secondly,
developing 2D materials with both excellent pseudocapacitance and good
electric conductivity is still a challenge. Most of the metal oxide materials with
pseudocapacitive behavior are not conductive or semiconductive, which limits
the electrochemical performance due to the low capability of electron and
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ion transporting in the electrochemical process. Thirdly, the development of
simple, low-cost and time-saving manufacturing technologies is required to
boost the application of flexible supercapacitors in flexible/wearable devices.
More attention is needed on how to effectively assemble the 2D electrode
materials on a flexible substrate with good ohmic contact. Last but not the
least, compared with conventional flexible supercapacitors with sandwiched
constructions, the in-plane interdigitated electrodes design of microsupercapac-
itors promises more efficient utilization of the 2D materials, owing to the open
edges. This design also benefits the integration of supercapacitors with on-chip
electronics. Recently, significant work on flexible microsupercapacitors has been
demonstrated [71, 109, 110, 116]. Moreover, besides flexibility, stretchability is
another important issue for portable electronics, especially for wearable medical
devices, where stretching is inevitable. In recent years, stretchable in-plane
microsupercapacitors have been obtained by introducing stretchable serpentine
interconnections between microsupercapacitor arrays [234—237]. In such a
design, the stretchability is contributed by stretchable interconnections, while
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Figure 7.7 Schematic drawing of the different electrode arrays and their relevant strain
distribution by the finite element modeling analysis for (a) in-plane structure, (b) wrinkled
structure, and (c) suspended wavy structure. (d) The peak strain comparison of in-plane
structure, wrinkled structure, and suspended wavy structure, respectively. Liquid-crystal
display (LCD) lit by the stretchable micro-supercapacitors under (e) 0 strain and (f) 100%
strains (insets show the distance). (Qi et al. 2015 [87]. Reproduced with permission of John
Wiley & Sons.)
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the supercapacitor devices themselves are rigid. A novel strategy to fabricate
stretchable in-plane microsupercapacitors based on 2D materials is to design an
out-of-plane sinusoidal-like structure of electrode fingers, as shown in Figure 7.7
[87]. Such architecture could decrease the stress induced in the electrode fingers;
therefore, excellent electrochemical performance during the stretching/relaxing
processes are realized. To date, microsupercapacitors, which themselves possess
stretchability, are still less investigated. Therefore, in the future, more attention
needs to be paid to the fabrication of stretchable microsupercapacitors, which
can retain good electrochemical performance under stretching and can be inte-
grated into wearable medical devices as an energy storage unit. In addition, the
encapsulation of flexible supercapacitors deserves more efforts, as encapsulation
could prevent the leakage of liquid electrolyte and protect the all-solid-state
electrolyte and electrode materials from being exposed to air, thereby inhibiting
their degradation.
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8.1 Introduction

During the past decades, the size of microchips has continued to shrink follow-
ing the Moore’s law. This has led to more and more powerful and functional
consumer electronics that has drastically improved the convenience of our daily
life. Along with the advancement in rechargeable batteries that exhibit increased
energy density, a number of the electronic devices now have the characteristics
of small size and light weight to fit into our pockets, which has resulted in greatly
enhanced portability.

In contrast, the size of information displays has been seen to grow larger: hav-
ing a larger screen reduces the need to scroll through a document and can greatly
increase productivity. Large external displays, such as projectors, can now con-
nect to laptop and notepad computers for daily office work. However, carrying
these large displays for travel is currently not practical given their large size and
heavy weight. An ideal solution is to develop new displays that are light weight
and highly flexible or even stretchable. Thus, they could be rolled up or folded
into small sizes for easy portability and unfolded into large screens to plug into
other small size portable electronics such as cell phones, smart watches, fitness
trackers, and Google glasses. In addition to enhanced portability, such displays
could also conformally cover uneven surfaces and cope with body movement,
or resemble the mechanic properties of human skin, which would enable new
applications of wearable electronics for real-time health monitoring and diagno-
sis (Figure 8.1).

Liquid crystal display (LCD) technology is currently the dominant technology
for various display applications. However, LCD displays contain encapsulated liq-
uid cells, and inventing a highly flexible or stretchable LCD display would be quite
challenging without the risk of liquid spilling. Active-matrix light-emitting diode
(LED) displays have been envisioned as LCD replacements due to the advantages

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 8.1 One potential application for stretchable OLED displays, which are light weight
and can be stretchable from a small stowed volume into large-size displays for various
portable electronics and next generation wearable medical devices.

of having high energy efficiency, high brightness, large contrast ratios, and the
light weight of LED displays. The essential components in an active-matrix LED
display include an array of thin film transistors (TFTs) as the backplane, an array
of patterned LED lighting pixels, and conductive lines to connect individual LEDs
to the backplane. Significant progress has been made in developing new materials
and adopting new device architectures enabling high performance flexible back-
planes and interconnections, and a number of seminal review articles have been
published [1, 2]. The focus of this chapter will be to introduce new technologies
for realizing highly flexible LEDs and displays.

8.1.1 General Background for LEDs

Modern LED research began in the mid-1950s with the advent of advanced
semiconductor synthesis and processing techniques. The first reported LEDs
were composed of III-V compound semiconductors (InP, GaAs, GaSb) [3]. By
the 1970s, these compounds had produced high-efficiency light in red, yellow,
and green spectra; however, high quality blue light emission remained elusive
until 1994 when Nakamura et al. demonstrated the first high-efficiency blue
LED based on InGaN [4, 5]. With this discovery, LEDs now have the ability to
produce red, green, and blue light which caused LEDs to grow to be a dominant
technology used in display and lighting technologies.

In recent years, the III-V semiconductor LED technology has further matured,
and despite their complex processing they have become increasingly adapted in
the lighting market [6]. However, their applications are limited to static systems
due to the brittleness exhibited by the III-V compounds. Owing to these limi-
tations, researchers have been seeking new materials to use for LEDs in flexible
applications. Materials that are to be considered for flexible LEDs should have
high efficiency, facile processing, and color tunability, and should be able to be
processed on flexible substrates.

Organic light-emitting diodes (OLEDs) have been at the forefront of the flexi-
ble display research effort for the last few decades. These are LEDs that are based
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on polymeric semiconductors, or small molecular organic dyes, and have been
shown promise for application in flexible displays [7, 8]. While the efficiency and
brightness of those devices have met most application needs, the used materials
do come with some drawbacks. The first is that these materials have yet to realize,
a highly efficient blue emission material with lifetime stability [8]. This limits their
application, as blue light is necessary for full color display and white light sources.
The second drawback is that these materials are highly susceptible to moisture
damage, meaning these materials have to rely on encapsulation techniques to pre-
vent them from degrading, and adds unnecessary costs to the fabrication process
[9]. The third is that they still use relatively expensive fabrication techniques, and
have a complicated multilayer device structure [9]. Owing to these drawbacks
OLEDs leave something to be desired for flexible display applications.

Quantum dot LEDs have also received much attention in recent years for
application in flexible LED displays [10, 11]. They show some promise for
LED applications, due to their ability to produce a wider range of colors than
previously mentioned LED technologies. However, they have a lower upper limit
on efficiency compared to other technologies likely due to the high surface area
of quantum dots [11]. The high surface areas cause a large amount of surface
defect states, which increases nonradiative decay for excitons. This is a major
limitation, as it puts a low upper bound on their efficiency [11]. In addition, they
still have not been produced on an industrial scale, raising some concerns of the
scalability of this technology.

Organometal halide perovskite materials have emerged in the past 2 years
as new emissive materials for use in LED displays. This is due to their rapidly
increasing efficiencies and brightness [12—14]. In addition, they exhibit other
desirable properties such as color tunability and solution processability [14].
They were first considered for LED applications in 2014 when it was recognized
that halide perovskite materials exhibited nearly 100% internal quantum effi-
ciency in solar-cell applications [15]. It has been shown that an excellent solar
cell material must also be an excellent light-emitting material; thus, this sparked
interest in perovskites for use in light-emitting applications [16, 17]. In this
chapter, we will review the evolution of perovskites for use in LEDs since their
discovery, and discuss their future use in the area of large-scale flexible displays
for next generation portable and wearable electronics.

8.1.2 Fundamentals of Halide Perovskites

Halide perovskites are characterized by their ABX; structure where A is a +1
cation such as methylammonium (CH;NH;*) or Cs*, Bis a 42 cation such as lead
or tin, and X is a —1 anion such chlorine, bromine, or iodine as seen in Figure 8.2a.
Depending on the ions present in the perovskite it will exhibit different crystal
structures at room temperature, which leads to perovskites having a wide variety
of morphologies, structural properties, and optical properties [18, 19].

One of the most attractive properties of perovskites for use in LED applica-
tions is their exceptional optoelectronic properties. The first of these is color
tunability through halide substitution. Xing et al. showed that through substitu-
tion of the halide ions, the color emission of halide perovskite materials could be
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Figure 8.2 (a) The atomic structure of perovskite, A is a +1 cation, B is a +2 cation, and X is a
—1 halide ion. (b) The emission wavelength as a function of halide composition. (c) Perovskite
containing solution, and bulk crystals grown using solution processing.

controlled between about 400 nm (using CH;NH,PbCl,) to about 785 nm (using
CH;NH;PbI;) and could cover the entire CIE 1931 color space [20]. Further stud-
ies showed that the emission wavelengths could be calculated using rule of mix-
ture calculations using bandgap energies and volume fractions of halide ions with
some fractions demonstrated in Figure 8.2b. Another exceptional property of per-
ovskites is that their crystals have a very low internal defect concentration when
formed, which limits the amount of nonradiative recombination that happens in
the material [21]. The final favorable property perovskites exhibit is a low exciton
binding energy of 20—50 meV per pair [22], and a large exciton mobility between
1 and 10cm? V-1 s71 [23], which means that resistive losses in the emissive layer
have the possibility to be small compared to those found in OLEDs and quantum
dot LEDs.

Another property of halide perovskites that is highly desirable is that they are
solution processable in organic solvents as seen in Figure 8.2c. Single crystals
up to 2in. dimension have been successfully grown by evaporating the dissolv-
ing solvents [24]. It has been shown that perovskites are soluble in large variety
of solvents including: Dimethyl sulfoxide (DMSO), Dimethylformamide (DMF),
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and y-Butyrolactone (GBL) [24]. This wide range of solvents allows for consider-
able flexibility in the manufacturing process as well as for allowing the perovskites
to be composited with a variety of polymers. In addition, perovskites have a rel-
atively low processing temperature of about 100-200° C compared to inorganic
LED technologies that use high temperature to decompose the precursors and
initiate the epitaxial thin film growth [24]. This low processing temperature is
quite desirable, as it allows for significant energy saving in the manufacturing
process and becomes compatible to low-cost glass or plastic substrates.

8.1.3 Multilayer Perovskite LEDs

Owing to the wide variety of perovskite structures, and the solution processability
there are many different methods for preparing perovskite LEDs, and many dif-
ferent architectures for perovskite LEDs. Most of these architectures are based
on a multilayer approach similar to that seen in OLEDs.

Era et al. made the first perovskite LED in 1994 [25]. Their device produced
an emission peak at 520 nm with a narrow half-width of 10 nm. They measured
a luminance of 10 000 cd m? at a current density of 2 A cm™2. However, the high
performance of these devices was only stable below 200 K. The device used an
electron transport layer oxadiazole (OXD7), MgAg cathode, and an indium tin
oxide (ITO) anode in a multilayer structure. In these first generations devices the
organic cation used was C.H,C,H,NH,, which is much larger than the ones used
currently. Two years later, Hattori et al. made two new devices by replacing the
organic cation with C.HyC,H,NH; and C.H,C,H NH,. They measured an exter-
nal quantum efficiency (EQE) of 2.8% in these devices and a luminance above
4000 cd m~2 with a current density of 50 mA cm™? at 24V [26]. Although these
devices had a much better efficiency the new organic cations did not solve the
problem of thermal quenching that occurred above low temperatures. In 1999,
Mitzi et al. designed a new molecule, H;NC,H,C,,HS,C,H,NH, to be used as
the organic cation [27]. They achieved a perovskite structure device that was able
to operate at room temperature. However, the power conversion efficiency was
only 0.11% and the luminance was only 0.1lm W~! at 8V and 0.24mA, all of
which were much lower than other LED technologies at the time.

Work on halide perovskite LEDs was resumed by Tan et al. in 2014; due to
the intense interest in methylammonium-based perovskites in the area of solar
cells [15]. This group incorporated the three-dimensional hybrid metal halide
perovskites to achieve electroluminescence in the near-infrared, green and red
regions by altering the halide composition. The infrared device was fabricated by
incorporating a thin layer of CH;NH,PbI,_ Cl, and green-light-emitting device
was achieved with CH;NH,PbBr; (Br-Pero) both sandwiched between electron
transporting and hole injecting layers. The device architecture for each of the
devices can be seen in Figure 8.3.

The fabrication of these LEDs used atomic layer deposition for the
TiO, layer; spin coating for the perovskite, poly(9,9-dicotylfluorene)(F8),
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) layers;
and vacuum-assisted thermal evaporation for the MoO,, Ca, and Ag layers.
This report demonstrated the possibility of using perovskite materials as
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Figure 8.3 (a) The multilayer architecture commonly found in perovskite solar cells. Different layers have been labeled with common materials used in that
layer. When a forward bias is applied, electrons are injected from the cathode side and holes are injected from the anode side into the perovskite emissive
layer. Light emission is generated when the electrons and holes meet and combine radiatively. The use of the electron transportation layer and the hole

transportation layer is to lower the energy barriers between the perovskite and the electrodes, assuring that both can be injected at a sufficiently low voltage.
(b) Different multilayer devices illuminated; the far right shows perovskite LEDs in flexible applications.
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light-emitting materials, and making use of traditional LED architecture by
using F8 as an electron injection layer (EIL) and PEDOT:PSS as a hole injection
layer (HIL).

Li et al. also fabricated perovskite LEDs using a similar sandwich archi-
tecture outlined earlier [28]. However, they embedded Br-Pero nanocrystals
in a thin matrix of dielectric polyimide precursor (PIP) forming a perovskite
nanocrystal-PIP polymer composite. The transparent and electrically insulating
PIP helped in the formation of pin hole free thin film, which served as a
charge-blocking layer and also provided much needed material stability. The
perovskite nanocrystals were uniformly distributed in the thin-film matrix of
PIP by in situ formation, which was achieved by blending perovskite precursor
solution and commercially available aromatic PIP prior to spin coating. The
devices had the following architecture: ITO/PEDOT: PSS/Perovskite—PIP
composite/F8/Ca/Ag and the device layers were deposited by spin coating and
vacuum deposition techniques. Different weight ratios of PIP were employed
while blending the perovskite and polymer solutions and it was observed that
the size and area occupied by the perovskite crystals decreased with an increase
in PIP—perovskite ratio. The best performing devices had a PIP—perovskite ratio
between 1:2 and 1: 1. The polymer also helped in clean color emission from the
devices and also effectively prevented shorting between the F8 and PEDOT:PSS.
The best performing devices had an EQE of 1.2%

Another progress in using perovskite in flexible applications came from
Kim et al. [29]. They used a device architecture similar to that found in
OLEDs, but fabricated the devices on a flexible substrate composed of
polyethylene terephthalate (PET). Br-Pero was used as the active light-emitting
layer with a self-organized buffer composed of PEDOT:PSS and a perflu-
orinated polymeric acid (PFI) that acted as the HIL, and 2,2',2”-(1,3,5-
Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) that acted as the EIL.
The utilization of a high work function buffer-HIL was to overcome the high
hole injection barrier caused by the conventional PEDOT: PSS polymer thereby
reducing the luminescence quenching that occurs at HIL/emitting layer. The
green-light-emitting device employing the buffer-HIL had a current efficiency of
0.577 cd A1, an EQE of 0.125% and a maximum luminance of 417 cd m~2 which
was a modest improvement over the devices that employed only PEDOT:PSS
as HIL.

The most efficient multilayer perovskite LED reported to date is by Cho et al.
[30]. This device used the multilayer structure with a bottom electrode and
HIL composed of self-organized PEDOT:PSS and a perfluorinated polymeric
acid (PFI). The perovskite emission layer was then deposited via a spin coating
process, and using solvent engineering techniques the film was made nanocrys-
talline with an average grain diameter of about 100nm and a film thickness
of 400nm. The EIL and top electrode were composed of TPBi and LiF/Al,
respectively. The best reported devices had a current efficiency of 42.9 cd A7}, an
EQE of 8.53%, and a maximum luminance of ~15 000 cd m~2. This is the highest
efficiency reported to date for multilayer perovskite LEDs and represents a large
increase over other reported devices. This group also reported device fabrication
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on flexible substrates, but the efficiency, luminance, and strain values were not
reported for their flexible devices.

The main drawback of all the devices thus far is that they employ a multilayer
device architecture, analogous to traditional LEDS, OLEDs, and quantum dot
LEDs which greatly increases manufacturing complexity. In addition, all these
devices use one or more high vacuum deposition techniques, which greatly
hinder the scalability of device fabrication as well as lowering throughput of
production. Some of the layers present are also highly susceptible to moisture
damage and would make processing require highly controlled environments
further adding to the costs of production, and the complexity of the devices.

8.2 Single Layer Perovskite LEDs

Recently, a novel process was seen in perovskites for flexible applications and was
demonstrated by Li et al. [31] They fabricated a device that employed polymer
blending similar to the process outlined by Li et al. [28]. Their device was notable
because it used a single layer architecture as opposed to a multilayer structure
seen in other LED technologies. The structure constituted a Br-Pero/PEO com-
posite active layer with an ITO anode, and an indium gallium (In-Ga) eutectic
for the top electrode. The best-performing devices had a current efficiency of
0.74.cd A1, an EQE of 0.165% and a maximum luminance of 4064 cd m~2, which
represented a small increase in the efficiency of perovskite LEDs and a modest
increase in maximum luminance at the time their paper was published. If this
structure could be matured to have efficiencies and brightness similar to current
OLED and quantum dot LED technologies this would represent a large improve-
ment over current LED technologies due to an immense drop in processing costs.
Various colors have been obtained by tuning the composition of the perovskite
emissive materials as seen in Figure 8.4b. The LEDs can also be made flexible by
using constructing the devices on a flexible PET/ITO substrate.

The authors hypothesized that this architecture was made possible due to the
ionic conducting abilities of the PEO polymer and the loose binding of the methy-
lammonium ion in the perovskite lattice. These two phenomena allowed for the
methylammonium ions to migrate toward the cathode when a bias was applied
and caused a highly doped n-region near the cathode while a high doped p-region
was seen near the anode due to lack of methylammonium and then a graded area
was present in between that could be characterized as mostly intrinsic. This struc-
ture can be seen in Figure 8.4a with the band structure of the regions seen in
Figure 8.4c. This hypothesis was strengthened by the recent work done by Xiao
et al. who demonstrated that large ionic movement could be seen in perovskite
materials under applied biases [32]. These highly doped regions then caused an
extreme bending in the bands as seen in Figure 8.4c and greatly reduced the con-
tact resistance between the emissive layer and the electrodes.

This group also extended their work in a subsequent paper that used the
same single layer architecture, but used different electrode materials and
substrates [33]. In addition, this paper outlined a screen printing process that
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lonic conductive polymer

Figure 8.4 (a) The p-i-n junction formation formed in single layer perovskite LEDs. (b)
Multiple color devices fabricated using the single layer approach, on the right is a flexible
device (c) the band structure of the p-i-n junction. The high levels of ion accumulation near
the electrodes allow for a tunnel junction to form.

0] Bottom electrode (i) < PerOVSklte('" - Stencil mask
prlntlng ,
. rate = 3
(iv) - _ Top electrode W) Completed

printing

device

(b)

Figure 8.5 (a) The printing process outlined as a five-step process (b) large area covered via
the printing process, under UV illumination it is apparent that it is extremely uniform. (c) Letter
fabrication via mask patterning in the top electrode printing step.

could promise roll-to-roll printing of LEDs, which would allow for a scalable
process and high-volume manufacturing. At the time of writing, the authors had
demonstrated a 4 cm X 4 cm perovskite device that had been printed using this
process (Figure 8.5b), which is one of the largest emissive layers that have been
fabricated to day for perovskite LEDs.

Bade et al. [33] presented two different printed devices both employing the
PEO/Br-Pero composite emission layer outlined above applied via a screen print-
ing process that can be seen in Figure 8.5a. The first device was printed on top
of an ITO/glass substrate and utilized silver nanowires as the top electrode and
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can be seen in Figure 8.5c. This device had a current efficiency of 4.91 cd A™}, an
EQE of 1.1%, and a maximum luminance of 21 014 cd m~2, which is the bright-
est perovskite LED achieved at the time of writing this paper. In addition, this
device was 1 cm by 1 cm in area, which is one of the largest active areas to date.
The second device presented was printed on a polyacrylate substrate and used
carbon nanotubes as the bottom substrate and silver nanowires for the top elec-
trode. The best performing device had a current efficiency of 0.6 cd A™%, an EQE
of 0.14%, a maximum luminance of 360 cd m~2, and remained operational with
over 2% applied strain. Although this device had relatively low efficiencies and
brightness it is the first flexible device with reported strain values. The authors
also noted that the efficiency may possibly be increased by optimizing the CNT
electrode, which possessed a large sheet resistance.

One final point of interest that was present by Bade et al. [33] was that their
printing process was carried out completely in ambient air. This is in contrast to
other processes outlined in the multilayer architecture section, which all required
one or more vacuum processing steps during fabrication as well as a controlled
humidity environment. The authors hypothesized that this was possible because
the PEO polymer protected the perovskite material from moisture damage. This
finding is significant as it allows the costs of manufacturing perovskite LEDs to
be reduced even further. The material and processing concepts proposed by this
work are of interest because they could be used for scalable manufacturing of flex-
ible Pero-based optoelectronic devices. In their conclusion, the authors described
devices that would be light weight and flexible and could be folded into small sizes
for easy portability and unfolded into large screens to plug into a number of small
size portable electronics for use as a large size, external screen. The displays could
also cover uneven surfaces and cope with body movement, thus making them
wearable, for example, in human clothing which has been a recent goal for the
display community.

8.3 Current Challenges

The most substantial challenges currently facing perovskite LEDs is their stability
in ambient air and their operational lifetime. Initially, it was believed that mois-
ture had detrimental effects on methylammonium halide perovskite material in
terms of damaging the crystallinity of the material. Stoumpos et al. showed that
degradation occurred in air citing that lead containing perovskites degraded after
a few weeks in humid environment, while tin containing perovskites degraded in
amatter of hours [34]. The authors also postulated that the stability of perovskites
may be strongly linked to their atomic and molecular composition, and that sta-
bility issues may be solved by substituting different ions in the lattice. Cho et al.
[30] also saw a degradation when devices were exposed to air and postulated that
moisture and oxygen are able to diffuse along grain boundaries, and react with the
crystal to form metallic lead. This caused the breakdown of the PbX, tetrahedrons
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in the crystal structure, and allowed for nonradiative trap states on the crystal’s
surface, which in turn decreased the luminance.

However, as of late, there have been several conflicting reports demonstrating
that the atmospheric humidity actually helped in improving the quality and
efficiency of the perovskite films. Bass et al. [35] compared the properties and
structures of air-exposed and nonair-exposed methylammonium lead iodide
and methylammonium lead bromide perovskites. It was observed that moisture
facilitated crystallization in these materials and also showed long luminescence
lifetime when exposed or prepared in air. Bade et al. [33] also reported a large
increase in luminance and EQE when devices were processed in ambient air
with a 484% increase in luminance and 256% increase in EQE when compared
with a control sample fabricated in dry nitrogen. The group also compared the
microstructures of the two processes, and did not observe any notable degra-
dation in the microstructure of the moisture exposed samples. You et al. [36]
also reported a moisture-assisted growth process for solar cell fabrication where
the precursor film was annealed in a humid environment. They showed that the
morphology of the films processed in ambient air was superior to those that were
prepared either in oxygen or in nitrogen environments. However, they did note
that a relatively high humidity (>80%) actually caused a degradation in device
performance supporting the hypothesis that perovskites are moisture unstable.
Overall, more research needs to be performed in the area of perovskite moisture
stability, and the degradation mechanism seen at high humidity levels needs to
be accurately identified. In addition to moisture stability issues, perovskites still
need additional studies in the area of thermal stability and lifetime stability as
there have been few studies in this significant area that needs to be addressed
prior to commercialization.

Another considerable challenge is to replace the lead ion in perovskite LEDs
due to the toxicological issues associated with lead. There has been some
research in this area, with some groups exploring the use of tin ions to replace
the lead in solar cell applications [34, 37]. Very recently, Hong et al. [38] reported
near-infrared (~950nm) LEDs based on cesium tin triiodide. The devices
emitted 40 W Sr~! m~2 at a current density of 364.3 mA cm~2, and a maximum
EQE of 3.8% at 4.5 V. The result was encouraging. However, the tin substitution
is much less stable when compared to lead ions as noted above, and the efficiency
optimization and operation stability have to be both examined in the near future.
Another potential solution to the lead toxicity problem would be to implement
an extensive recycling initiative, similar to what is currently in place for compact
fluorescent lights that use mercury vapors.

A final issue that perovskite-based LEDs face is their relatively low efficiencies,
and brightness compared to other more mature LED technologies. Currently, the
best-performing OLEDs operate with an EQE of roughly 30% and a brightness of
around 100 000 cd m~2, while quantum dot LEDs have achieved an EQE of around
20% with a brightness of roughly 70 000 cd m~2 [14]. However, perovskite LEDs
are analogous to perovskite solar cells and have seen a large increase in efficiency
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Figure 8.6 The device structures of various LED technologies. Perovskites have proven to have the simplest device structure to date containing only one layer
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in the past 2 years of study suggesting that they may surpass other technologies
in coming years if the current rates of improvement continue.

8.4 Conclusions and Outlook

The remarkable optoelectronic properties seen in perovskite LEDs have garnered
much attention in the research community in the past few years. Their color
tunability, solution processability and simple device structure (Figure 8.6) are
extremely promising toward achieving the goal of fabricating large-area flexible
displays at a low cost.

However, for these devices to be commercialized, significant steps would need
to be taken to overcome the challenges that have been presented thus far. Overall,
the large advances seen in perovskite LEDs in such a short time span is evidence
that significant interest has been evinced in the research of these materials , and
may one day become the basis for large-area flexible and stretchable displays.
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9.1 Introduction

In modern era, electronic devices such as sensors, displays, and actuators are
migrating toward thin and lightweight. As essential components required in
various electronic devices, memories are more and more desirable in flexible
or wearable devices. It is crucial to have flexible nonvolatile memory devices
that possess high density, high speed, and low power consumption. Despite
considerable achievements in flexible electronic devices, including integrated
circuits (ICs), organic light-emitting diodes (OLEDs), and sensors, nonvolatile
memories remain under-exploited [1]. Nowadays, flash memory devices are
basically constructed by field effect transistors (FETs) with floating gate design.
FET structure has several merits compared with capacitor or resistor memory
structures. It is compatible with IC such as NAND and NOR and also the current
complementary metal-oxide—semiconductor (CMOS) process. It can be also
used for single transistor realization and nondestructive read-out [2—4]. The
floating gate structure is widely used in the electronic market nowadays due
to their excellent retention performance, capability for multibit storage, and
suitability for ICs with various functions [5].

This chapter focuses on the flexible floating gate memories. We begin with the
fundamentals of electronic memories and then describe the basics and the the-
ory of floating gate memory followed by the operating principles of floating gate
memory. Next, an overview of the state-of-the-art floating gate memory will be
presented. We will also discuss how to analyze the mechanical properties of the
floating gate memory on flexible substrates.
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9.2 Device Operation of Floating Gate Memory

Figure 9.1a shows the device structure of a typical FET with a bottom gate elec-
trode. On top of the gate electrode, there is an insulating layer, a semiconductor
layer, and top source and drain electrodes. The gate voltage can control the
current flow in the semiconductor channel [6]. The typical transfer curve of
FET is shown in Figure 9.1b. In this curve, the threshold voltage (V) can be
determined by extrapolating a plot of (Ipg,)"? versus Vg to Ipg equal to 0 is
fixed at constant V.

w
Ing e = Z/’lci(vGS - Vth)z

where I} . is the source-drain current in the saturation region, W is the channel
width of the FET, L is the channel length, u is the mobility of the semiconductor
material, C, is the capacitance per unit area of the insulating layer, Vg is the
source-gate voltage, and V, is the threshold voltage. within contrast to the tran-
sistor structure, as depicted in Figure 9.1c, the floating gate memory has a floating
gate sandwiched between the blocking dielectric layer and tunneling dielectric
layer. The blocking dielectric layer is thick and can prevent the charge carriers
from transferring to the gate electrode when the memory devices are under pro-
gramming and erasing operation [7]. The tunneling dielectric layer is relatively
thin, which can stop the charge transfer from the floating gate to the semiconduc-
tor layer. When designing the memory device based on the floating gate structure,
we need to strictly consider the thickness of the tunneling dielectric layer and the
speed of program/erase, and retention property should be optimized together.
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Figure 9.1 (a) Schematic diagram of the FET structure. (b) Typical transfer curve of FET.
(c) Schematic diagram of the floating gate memory structure. (d) Typical transfer curve of the
floating gate memory.



9.3 Charge Injection Mechanism in Floating Gate Memory

The charge carriers from the semiconductor can be injected and trapped in the
floating gate when a gate bias is applied, and this process is called “program” oper-
ation. The charge carriers that are trapped in the floating gate can move back to
the semiconductor layer during “erase” operation by applying a reverse bias at the
gate electrode [5]. The memory effect of floating gate memory is achieved by trap-
ping and de-trapping the charge carriers in the floating gate layer. When we have a
look at the transfer curve, V;, can be controlled because the channel conductance
changes when the charge carriers are trapped and de-trapped in the floating gate.
The programmed state and erased state of floating gate memory device could be
confirmed by comparing the V; or I after the “program” operation and “erase”
operation. The typical transfer curve of floating gate memory at programmed and
erased state is demonstrated in Figure 9.1d. The transfer curve shifts direction is
different when the floating gate performs as hole or electron storage element.
During the memory operation, the erased state and programmed state can be
recognized as ON state and OFF state, respectively.

9.3 Charge Injection Mechanism in Floating Gate
Memory

9.3.1 The Hot-electron Injection Mechanism

In the floating gate memory, if we apply a lateral electrical field between the
source electrode and drain electrode, the hot-electron injection happens. The
electrons can transfer from the source electrode to the drain electrode. During
this process, the energy of electrons is received from the lateral electrical field and
lost due to the lattice vibrations. At the low electrical field, the dynamic equilib-
rium will be broken until the electrical field strength reaches 100kV cm™! [8]. If
the electrical field exceeds that value, the electrons will heated by the lateral elec-
tric field. The electrons will have enough energy to cross the energy barrier and
transfer from the semiconductor layer to the floating gate layer. Under the vertical
electrical field, the electrons can be trapped in the floating gate. If the electrons
need to overcome the potential barrier, the following conditions must be fulfilled:
(i) the potential energy barrier in the tunneling dielectric layer should be lower
than the kinetic energy of the electrons; (ii) charge carriers should be injected in
the same direction of the energy barrier; and (iii) the electrons should be collected
by the electrical field at the tunneling dielectric layer [9].

People often use the “lucky electron” model to describe and simulate the
hot-electron injection. For the tunneled electrons, three independence probabil-
ities can be hypnotized: [10] (i) driven by the lateral electric field, the electrons
are lucky enough to get sufficient energy to cross the tunneling dielectric,
after the collision, enough energy should be reserved to redirect the electron
on the way to the semiconductor/dielectric interface; (ii) the electrons move
to the semiconductor/dielectric interface without any collision; and (iii) in the
tunneling dielectric layer, the electrons could surmount the tunneling energy
barrier and reach the floating gate without any energy-robbing collision. In
conclusion, if the electrons can fulfill all the above conditions, they are able to be
injected and trapped into the floating gate.
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However, the commonly used flexible semiconductors usually have low drift
velocity; on the other hand, irregular injection of the electrons may induce
worthless “program” operation and increase the power consumption. Therefore,
instead of the hot-electron injection, Fowler—-Nordheim (F-N) tunneling and
direct tunneling are proposed to be the favorable approaches in flexible floating
gate memory [11].

9.3.2 Fowler-Nordheim (F-N) Tunneling Mechanism

F-N tunneling is the process where the electrons tunnel through a barrier under
a high electric field. This quantum mechanical tunneling process is a significant
mechanism for thin barriers [12]. This mechanism is highly applicable in flexible
floating gate memory when the charge carriers tunnel through the thin dielectric
layer. The energy diagram of the floating gate memory with p-type semiconduc-
tor is shown in Figure 9.2a, and negative gate bias is applied in the “program”
operation. Several parameters such as the energy level and the energy barrier
may influence the tunneling probability of the charge carriers. The width of the
energy barrier decreases extensively after applying a voltage on the gate elec-
trode. The current density of the tunneling charge carriers can be estimated from
Wentzel-Kramers—Brillouin (WKB) approximation [13, 14]:

32

__4a*F
T 16m2h2 D,

where @y is the height of the energy barrier, g is the fundamental unit of charge,
h is the Plank’s constant, m},, is the effective mass of the charge carrier in the for-
bidden gap of the dielectric layer, and F is the electric field through the tunneling
dielectric layer. From the equation, we can find that the current density of the tun-
neling charge carriers has exponential dependence on the applied electrical field.
Therefore, the design of the tunneling barrier is crucial for the “program” and
“erase” operation. We also have the assumption that charge carriers can be treated
as a three-dimensional gas of free particles in the classical theory and these parti-
cles are with Boltzmann distribution of energy. Nevertheless, they are limited to
a narrow potential well if the semiconductor is accumulated or depleted. In this
condition, the quantization of motion perpendicular to the interface is required.
Therefore, the correct treatment of the charge carriers is with a two-dimensional
quantum mechanical gas [15]. With this treatment, we can find that the barrier
height is voltage dependent which is lower than the classic one. Furthermore, the
electrical field across the tunneling dielectric layer is also lower than the classic
one since much greater voltage has dropped in the semiconductor layer [16]. The
above equation can be rewritten in the following simple form:

)i exp [-4@m? )} 0, /3th]

J = AF? exp [—g]

where A and B are the functions of electric field including the quantum effects
[17]. The F-N tunneling mechanism is used to describe the “program” and
“erase” process owing to the low power consumption during the device oper-
ation and the high tunneling efficiency of charge carriers. The F-N tunneling
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Figure 9.2 (a) Schematic diagram of F-N tunneling in the floating gate memory;
(b) Schematic diagram of direct tunneling in the floating gate memory.

mechanism also has some limitations such as the use of high applied electrical
field and long access time.

9.3.3 Direct Tunneling Mechanism

The thickness of the tunneling dielectric layer needs to be decreased when the
single cell size of the floating gate memory decreases, and this can keep away from
the short channel effect. In the direct tunneling process, the charge carriers can
cross the tunneling dielectric layer when the thickness of the tunneling dielectric
layer is thin enough. Figure 9.2b shows the energy diagram of the direct tunneling
mechanism of the floating gate memory. The direct tunneling current depends on
many parameters including the external electrical field. Its mechanism is much
more complicated when comparing with F-N tunneling in memory operation.
Fast program speed and low applying voltage are the major advantages of the
direct tunneling process; however, the much thinner thickness of the tunneling
dielectric layer may influence the data retention property.

9.4 Flexible Nanofloating Gate Memory

The idea of using a floating gate to obtain nonvolatile storage was suggested by
Kahng and Sze in 1967 [18]. After that, the floating gate memory has developed
rapidly and has been commercialized in the electronic device market. Recently,
researchers focus on device engineering and new material application in the
flexible memories. Someya et al. demonstrated a flexible floating gate memory in
which aluminum served as the floating gate and chemically modified aluminum
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oxide served as the tunneling and blocking dielectric layer [19]. It is easy to
fabricate a metal layer between two dielectric layers using a thermal evaporation
method. However, the high vacuum deposition process is not desirable for
low-cost and large-area flexible electronics. On the other hand, the metal
floating gate has some intrinsic limitations when scaling down the device size
owing to decreased coupling ratio, increased current leakage, and poor data
retention property [20, 21]. In order to manipulate the trap sites and trap levels,
using the nanofloating gate is an alternative way as the density and work function
of nanoparticles can both be modulated [5, 22].

Nanofloating gate memory devices using nanomaterials such as metal
nanoparticles as floating gate have received a lot of interest owing to the simple
device fabrication process and controlled floating gate density. Noble metal
nanoparticles are excellent candidates for the floating gate structure due to
their chemical stability, easy processability, and high work function [23]. The
metal nanoparticles floating gate can be formed by several approaches such as
the thermal evaporation process [24, 25], electrostatic self-assembly [26-28],
and block copolymer method [21, 29]. For the thermal evaporation method,
metal nanoparticles can be easily deposited on the flexible substrate. During
the deposition process, noble metal atoms can penetrate into the polymer
layer because the penetration depth of metal atom is inversely proportional
to the reactivity of metal [30]. Therefore, thicker tunneling dielectric layer in
top-gate bottom-contact transistor structure or thicker blocking dielectric layer
in bottom-gate top-contact transistor structure is needed to prevent noble metal
atom penetration, which may influence the device performance. But this method
has drawbacks since thicker dielectric layer is not conducive for scaling down
of the nanodevice. In contrast, electrostatic self-assembled metal nanoparti-
cles can be used in flexible floating gate memory without the need of thick
dielectric layer. The advantages of self-assembled metal nanoparticles method
are solution-processable, controllable nanoparticle size, and low temperature
process, which are compatible with the commonly used bendable or stretchable
substrate. Generally, the solution-synthesized metal nanoparticles have negative
surface charges. The repulsive force between them can make each nanoparticle
well dispersed on the desired surface of the insulator. Similar to self-assembled
nanoparticles, solution-processed block copolymer wrapped nanoparticles
monolayer can also be used in flexible floating gate memory. Incorporation
of metal nanoparticles in polymer matrix can bring us exceptional properties
of the polymer as well as the nanoparticles. This floating gate layer could be
fabricated in the device using the spin-coating process. The successful use of
block copolymer method generally requires controlling over the distribution
as well as loading the nanoparticles in the polymer matrix. The preparation
of well-ordered polymer-nanoparticle composites which contain sufficient
concentration of nanoparticles is a big challenge.

The above mentioned nanofloating gate fabrication approaches have several
drawbacks. The thermal evaporation method cannot enhance the density of
metal nanoparticles since the metal nanoparticles become bigger via Ostwald
ripening with the growing of film thickness [25]. The electrostatic and block
copolymer methods suffer from poor order and comparatively low density of the



9.5 Characterization of Floating Gate Memory

nanoparticles. Therefore, in order to optimize the performance of floating gate
memory, metal nanoparticles with high nanoparticle density and uniform size
distribution are highly needed.

Recently, novel 2D nanomaterials have also been investigated and applied in
floating gate memories. Graphene is a potential candidate for advanced electronic
devices owing to its high electrical conductivity, unique optical property, out-
standing mechanical flexibility, and stiffness [31-40]. Graphene can be produced
by chemical vapor deposition (CVD) or physical exfoliation. Nevertheless, the
two methods are not compatible with low-cost and high-yield mass production.
Solution procesability should be a key issue when considering the floating gate
candidates. Although the electrical properties of chemically reduced graphene
oxide (rGO) degrade slightly due to lattice defects, rGO have been investigated a
lot in floating gate memory architectures by scientists [33].

9.5 Characterization of Floating Gate Memory

The electrical performance of the floating gate memory can be measured using
a semiconductor parameter analyzer. In the p-type transistor based floating gate
memory, when the charge carriers of p-type semiconductor are trapped by the
floating gate with negative gate bias, this operation is called “program”. In con-
trast, if the trapped charge carriers are moved back to the semiconductor from
the floating gate by applying positive gate bias, this operation is called “erase”.
The memory window AV, is defined as V;, (erased)—V,, (programmed). For
measuring the data retention properties, the programmed/erased states will be
obtained by programming/erasing operation, and then the V; will be measured
as a function of elapsed time. The “program” and “erase” operations will be
repeated for the number of times required to determine the memory endurance
properties. The V; of the memory devices will be recorded with respect to the
number of “program” and “erase” cycles.

Figure 9.3 shows an example of electrical characterization of flexible floating
gate memory. In this structure, microcontact printable (uCP) ultrahigh-density
alkanethiol-protected Au nanoparticles array has been used in flexible floating
gate memory [3]. Following evaporation of the solvent, the closely packed Au
nanoparticles array is formed on the surface of water. To fabricate the nanofloat-
ing gate, the Au monolayer was transferred to the poly(dimethysiloxane) (PDMS)
stamp pad by the Langmuir—Schaefer method. Then the Au nanopartciles can
be transferred to the desired flexible substrate by the stamp as shown in
Figure 9.3a. The optical image of the flexible floating gate memories is illustrated
in Figure 9.3b. The device performance based on pCP Au nanoparticles has
been compared with the devices fabricated with thermally evaporated Au
nanoparticles and electrostatic layer-by-layer self-assembled Au nanoparticles.
The electrical characteristics of the devices are shown in Figure 9.3c—f. The
pCP device possessed the largest memory window among the three devices,
due to the largest trapping site density and almost no lateral connection in
nanofloating layer. The pCP floating gate memory also showed excellent P/E
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9.6 Flexibility of Floating Gate Memory

endurance property and long data retention capability. The pCP approach is
a good candidate for fabricating flexible electronics and can scale down the
current nanofloating gate memory devices.

9.6 Flexibility of Floating Gate Memory

In flexible electronics, mechanical flexibility is a very important parameter.
Therefore, the electrical performances of the floating gate memories need to
be carefully investigated and understood at various bending states. Figure 9.4
demonstrates the substrate that is bent in convex (tensile state) and concave
(compressive state) direction. When we investigate a device on the surface of a
flexible substrate with a bending radius of R, the strain S is given by the equation:

_ (L + )L+ 20+ yn?)
2R +n)(1 + yn)

where n =t /t;, t; is the thickness of the device layer, ¢ is the thickness of the flex-
ible substrate, y = Y, /Y, Y, is the Young’s modulus of the device layer, and Y g is
the Young’s modulus of the flexible substrate [41-43]. S can be simply expressed
as D/2R where D is the thickness of the flexible substrate.

Bending experiments can be carried out to investigate the electrical and data
storage performance of the flexible floating gate memories on PET at different
strains [44]. The PET films were bent along the device channel transport axis, as
illustrated in Figure 9.5. Real time characterization of the electrical properties can
be carried out during the bending test. The applied compressive and tensile strain

Figure 9.4 Schematic diagram of the
flexible substrate at tensile state and
compressive state.

Tensile state

Compressive state
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on the memory device were +1.1%. The respective transfer characteristics of the
floating gate memory at different states are also shown in Figure 9.5. At com-
pressive strain, the /¢ of the nanofloating gate memory increases; in contrast, at
tensile strain the I, decreases.

In the bending test for floating gate memory, the result is reproducible and
the change in the current is reversible. Therefore, this phenomenon cannot be
related with the time-dependent drift of transistor performance or the degrada-
tion of electrical performance. The varied I, of the floating gate memory can
be explained by the transport properties of the semiconductor. When the float-
ing gate memory is at compressive strain, the energy barrier for charge carriers
hopping has been reduced since the distance between pentacene molecules get
smaller. At the tensile strain, the mobility of the semiconductor decreases for
the reason that the spacing get larger. At tensile strain, V; of the floating gate
memory shifts to the most negative value after the programming operation. At
compressive strain, V', of the floating gate memory shifts to the least negative
value. This result can be explained by the lowest mobility of pentacene at nega-
tive strain and highest mobility at positive strain. Owing to the Poisson effect, the
effective thickness of the tunneling dielectric layer reduces at negative strain and
increases at positive strain, which may also lead to the observed electrical perfor-
mance under different strain [45]. The negatively shifted V', compared with the
zero strain can be attributed to the reduced tunneling barrier of the charge carri-
ers at tensile strain. In contrast, the positively shifted V;, compared with the zero
strain can be attributed to the increased tunneling barrier of the charge carriers
at compressive strain. For the electrical performance after erasing operation, at
tensile strain, V', of the floating gate memory is easiest to go back to the initial
condition, due to the lowest barrier of the tunneling dielectric layer. Meanwhile,
at compressive strain, V', is hardest to turn back to the initial condition due to
the highest energy barrier of the tunneling dielectric layer.

9.7 Conclusion

With the development of information technology, it becomes clear that mem-
ory devices play an important role in portable and wearable electronics. In this
chapter, we discuss the materials selection and structure design of the floating
gate memory on flexible substrates. The electrical performances of the memory
devices under different applied strains are also described. Flexible floating gate
memory with novel nanostructure materials should be quite promising for future
advanced flexible electronics. With proper materials and structure design, mem-
ory devices can be used in stretchable, foldable, and wearable electronic devices
of any substrate materials and geometry.
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10.1 Introduction

Wireless communication has transformed the way we live, work, and play. Over
the past few decades, exponential progress in wireless communication systems
has brought about a paradigm shift in our interactions with each other and with
our surroundings. Wireless systems rely on information communicated by prop-
agating electromagnetic radiation through space. Early breakthroughs by James
Clerk Maxwell, Albert Michaelson and Edward Morley helped explain the basic
theory of generation and propagation of electromagnetic waves. In the late 1880s,
a series of experiments by Heinrich Hertz provided proof of Maxwell’s theory
and a first glimpse of the propagation and detection of wireless electromagnetic
energy. In the 1890s, an Italian electrical engineer named Guglielmo Marconi
carried out experiments on wireless signal propagation for communicating infor-
mation. He developed the first complete wireless system capable of transmit-
ting information over a distance of several kilometers. Later, he moved to Eng-
land where he worked on much larger systems for transmission over larger dis-
tances; the first trans-Atlantic communications were carried out by Marconi in
the early 1900s and he received the Nobel Prize in Physics in 1909 for his con-
tributions in wireless communication systems. Thereafter, the early twentieth
century saw the rise of reliable wireless communication systems that could com-
municate information across the Atlantic Ocean. The advent of the world wars
saw large amount of funds being directed toward improving radio communica-
tion capabilities to obtain a military advantage. Wireless communication systems
were particularly attractive to the naval and aviation sectors. With the invention
of vacuum tube diodes and amplifiers, the radio became a household device with
several radio stations popping up broadcasting everything from entertainment to
propaganda.

With the advent of solid-state devices in the 1960s, radios became more
compact, mobile, energy efficient, and cost-effective. As a result, radios and early
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television sets based on wireless broadcasting became more popular. Wireless
communication eventually entered cellular telephony systems, wireless local area
networks (WLAN), and Wi-Fi systems. While there are many examples of wire-
less technology replacing wired networks, there are some examples of the inverse
phenomenon. For example, the early wireless television broadcast systems were
replaced by high-quality wired cable networks, but satellite radio stations meant
that wireless systems regained dominance in the television segment. Direct
device-to-satellite communication has also enabled key technologies, such as
global positioning systems (GPS) for navigation, location services, and satellite
phones. With the abundance of applications using electromagnetic waves
simultaneously, the electromagnetic spectrum has been divided into multiple
bands and the spectrum has become a valued “resource” with usage rights being
routinely traded among companies. The latest research and development in
wireless systems aims at developing wireless power transmission links. In this
chapter, we will discuss the basic components of a wireless system and ways of
obtaining flexible and stretchable versions of these components.

10.2 The Basics of Wireless Systems

10.2.1 Wireless Systems

Complete wireless systems include the circuit controlling the input signal, the
antenna generating electromagnetic radiation, the antenna receiving the elec-
tromagnetic radiation, and the circuit processing the output. While this might
seem straightforward, understanding the nuances of both transceiving circuits
and antennas has demanded more than a hundred years of innovation and design
optimization in each field. To understand these nuances, let us take the office
Wi-Fi network as an example. Many portable devices connect to a single Wi-Fi
node with fixed ranges. These nodes need to be established as an array to cover
the entire office space. In theory, the coverage provided by these nodal points is
illustrated as a hexagonal region centered at the nodes, with the nodes arranged in
a hexagonal lattice. While this may be true for flat and unobstructed terrain (e.g.,
cellular towers in a field), inside buildings where Wi-Fi routers are placed based
on space availability, efficiency is limited by line-of-sight propagation, shadowing,
and number of users. (Devices automatically connect to the best Wi-Fi router in
terms of signal strength and not physical distance.)

Wireless networks consist of two key components: a circuit for encod-
ing/decoding information and an antenna for transmitting/receiving elec-
tromagnetic waves. Circuits have evolved from spark-gap transmitters and
vacuum-tube-based diodes to sophisticated silicon complementary metal-oxide
semiconductor (CMOS) circuits. These circuits are available in a multitude of
configurations, data rates, and frequencies and their use could be optimized by
designing application-specific integrated circuits. In most modern communi-
cation systems, the circuit is a variation of a superheterodyne radio. The radio
frequency signal is received, preamplified within its domain and converted
into an intermediate frequency (IF) signal. This IF signal can then be amplified
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with a high-gain narrow-frequency band array, which is easier to design than
a wideband array. The signal is then converted into a baseband signal that can
be demodulated or converted into a digital signal using an analog-to-digital
converter. With advancements in silicon circuits, the IF signals are now directly
converted into digital signals for processing by microprocessors. Hence, func-
tional components, such as mixers, filters, demodulators, and amplifiers, can
be implemented using microprocessor software rather than hardware. This
configuration, called software-defined radio (SDR), provides more flexibility
to the RF designers to change the demodulation, filtration, and amplification
parameters dynamically based on the input signal received. In case of transmis-
sion, a similar circuit is employed in the reverse order: the baseband signal is
modulated, mixed, and amplified in the IF domain and then transmitted using an
antenna after further amplification and matching circuits in the radio frequency
domain.

Because even basic circuit components, such as resistors, capacitors, induc-
tors, and transistors, behave very differently at high frequencies, they need to
be designed accordingly. In fact, even a simple wire can change the impedance
offered to a signal with frequency, because of the skin effect and self-inductance.
Transistors used in commercial radio frequency circuits can be fabricated using
two approaches: field-effect transistors (FETs) or bipolar junction transistors
(BJTs). FETs have a capacitive gate, which produces an electrostatic field in
the semiconductor channel to modulate the resistance of the channel. Because
the current through FETs is dependent on voltage, they are considered to be
voltage-controlled devices. Hence, because no current is consumed by the
gate terminal to keep the transistor switched on and because of the inherent
limit on electrostatic modulation of the channel current (limited subthreshold
slope) FETs usually consume less power (i.e., current) and are slower than BJTs.
Meanwhile, BJTs have abrupt junctions across which current flows due to an
applied potential and the gradient in carrier concentrations. Because the current
through BJTs is dependent on the current injected at the base terminal, they
are considered to be current-controlled devices. Although both transistors can
be incorporated into silicon chips using standard fabrication processes, their
monolithic integration with state-of-the-art processor technology nodes is
challenging. In any case, because silicon is predominantly used as a substrate for
radio frequency circuit fabrication, the flexing and stretching of these circuits
depend on the flexing and stretching of the host substrate. In the next sections,
we will investigate ways of obtaining flexible and stretchable silicon-based
circuits.

10.2.2 Antennas

Antennas are usually passive metallic structures used for radiating or capturing
electromagnetic energy of a certain frequency. Antennas range from being a sim-
ple wire to comprising complicated fractal patterns. In general, antennas have an
input signal pin, which is connected to a transmitter circuit to obtain the sig-
nal to be radiated, and grounding pins for reference. Maxwell’s equations explain
how a simple wire can create electromagnetic waves. Consider a metallic wire
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Figure 10.1 (a) Generation of electromagnetic waves in free space from an antenna. (b) The
Thevenin-equivalent circuit of an antenna as seen from the side of the transmission signal.

connected to a source of electromotive force (EMF). If the signal is periodically
oscillating (AC voltage), the charges in the wire will oscillate at the same fre-
quency. This oscillation leads to an acceleration of electrons, which creates an
accelerating electric field. According to Maxwell’s equations, an accelerating elec-
tric field produces a magnetic field and an accelerating magnetic field produces
an electric field. When coupled, these fields travel across free space at the speed
of light and are called electromagnetic waves. Quantum mechanics associates
chargeless, massless (rest mass = 0) particles called photons with this wavefront.
Figure 10.1a illustrates how electromagnetic radiation is produced in this way.
Note that an electric field accelerating at a constant or polynomial rate will only
produce a transient wavefront while a sinusoidally accelerating field can produce
a continuous stream of electromagnetic waves, as long as the source is sustained.

In circuit terms, the antenna and the EMF source can be represented by the
Thevenin-equivalent circuit shown in Figure 10.1b. In transmitting mode, the
antenna can be represented by the following equation [1]:

Z, = (R, +R,) +/X,,

where Z is the total impedance of the antenna, R, is the radiation resistance of the
antenna and is used to represent the power radiated by the antenna, R; is the loss
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associated with the conduction and parasitics of the antenna, and X, is used to
describe the imaginary part of the antenna impedance. The antenna will receive
maximum power for radiation if it is conjugate-matched to the EMF source. In
this case, half the power is transferred to the antenna, where it gets distributed
between R, and R, . In general, efficient radiation requires that R, be maximized
and R; be minimized. Because antennas are metallic structures, there are vari-
ous ways in which they can be made flexible and stretchable. Free-form antennas
coupled with free-form radio frequency circuits can produce completely flexible,
stretchable wireless systems.

10.2.3 Antenna Parameters

It is essential to quantitatively analyze antennas for their performance in terms of
efficiency of radiation and the directions in which they radiate most effectively.
This requires the definition of certain performance parameters that can quantita-
tively predict the performance of an antenna. One of the key performance metrics
of an antenna is its radiation pattern. The radiation pattern is the field strength
or power density at a given spatial coordinate in the far-field of the antenna.
The radiation pattern is generally represented most conveniently in a spheri-
cal co-ordinate system with the power density normalized with respect to the
maximum power density. The normalized power density is generally reported in
decibels (dB), so as to highlight the shape and directionality of side lobes (regions
of relatively weak radiation intensity) compared to the main lobes. An antenna
with perfectly equal radiation intensity in all directions is called an isotropic radi-
ator. It is an ideal antenna, which cannot be fabricated physically, but is used as a
reference for comparing other antennas. Antenna parameters are defined based
on the basic concepts of radiation pattern and isotropic antennas:

e Directivity is the ratio the radiation intensity at a point to the radiation intensity
of an isotropic antenna at the same point in the far-field. Directivity can be
more than 1 if the radiation is more “focused” along a particular direction.

e Gain is the ratio of the radiation intensity at a point to the radiation intensity
of an isotropic distribution of input power. Gain of an antenna is, by definition,
a dimensionless quantity, but is represented in decibels (dB) as:

G (dB) = 10log,,[ G (dimensionless)].

Gain represents the directivity of the antenna as well as the losses associated
with the antenna because gain is calculated with respect to input power. The
losses associated with radiation can be represented using an efficiency term,
hence, gain and directivity are related as:

G =D,

where, G is the gain, 5 is the radiation efficiency and D is the directivity. It
should be noted that the definition of gain does not include the antenna as
seen from the transmission line, hence, reflection losses are not included in the
definition. The term # only includes conductor and dielectric losses associated
with the antenna.
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Because the antenna and the transmission line form a two-port network, the
power exchange at the interface can be quantified with the help of the corre-
sponding Scattering parameters (or S-parameters). These parameters are com-
monly quoted for antennas to quantify reflection losses. In general, for a two-port
network, if x represents the input power and y represents the output power, with
1 and 2 representing the port numbers, the output power can be expressed in
terms of input power as:

[yl] _ [511 512] [’ﬁ]
Va2 So1 Sy %2

The matrix S is known as the S-parameter matrix and represents the efficiencies
of transmission or reflection of power across the network. In case of antenna
systems, the parameter S;; is commonly reported because it represents the power
reflected back to the transmission line as seen in the following linear equation:

Y1 = Suxy + Sy,

where y, is the power reflected, x, is the power input from the transmission line,
and x, is the power input from the antenna side. In case of a transmitting antenna,
x, is zero, thus the return loss or reflection loss of the antenna transmission line
junction is represented by S;;. In general, S;; is a dimensionless quantity and is
represented in decibels (dB). S;; is highly dependent on frequency, thus is rou-
tinely reported to define the radiation frequency and bandwidth of an antenna.
If §;, is 0dB, all the input power is reflected back to the transmission line, hence
no radiation takes place; thus, the radiation frequency is the frequency at which
S,; is lowest. Also, the bandwidth is defined as the region of frequency where S;;
is below a certain value (say —10 dB).

10.3 Flexible, Stretchable Circuits

As discussed in the previous section, most radio frequency circuits are made
using silicon as a substrate. The transistors may be voltage (FET) or current
controlled (BJT) depending on the specific application requirements. In general,
FETs consume less power but are slower than BJTs. These factors need to
be considered before designing a wireless transceiver circuit. In addition, the
behavior of each component is different at different frequencies and a thorough
equivalent circuit is advisable for precise modeling of the circuit. FETs are
typically preferred for flexible and stretchable wireless systems because power
consumption and battery life are key constraints in wearable applications.
Circuits made using a silicon substrate and FET transistors can be flexed in many
ways. Furthermore, the use of semiconductor channels made from different
materials provides the opportunity for innovative fabrication techniques. In this
section, an overview of these techniques is presented.

10.3.1 Flexible, Stretchable Silicon Circuits

Single-crystal silicon substrates are generally obtained using the Czochralski pro-
cess pioneered by Jan Czochralski in 1916. In this process, a single-crystal silicon
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Figure 10.2 (a) The relationship between flexural rigidity of a material with decreasing
thickness and energy release rate. (Rogers et al. 2011 [2]. Reproduced with permission of
Nature Publishing Group.) (b) Structural and optical image of a flexible FET fabricated on
silicon nanomembranes using a device last approach. (Menard et al. 2005 [3]. Reproduced with
permission of AIP Publishing.) (c) Schematic process flow for the “trench-protect-etch-release”
(TPER) process. (Hussain and Hussain 2016 [4]. Reproduced with permission of John Wiley &
Sons.) (d) Optical image of a flexible FinFET fabricated using the “soft etch back” (SEB) process.
(Torres Sevilla 2014 [5]. Reproduced with permission of American Chemical Society.)

seed is used to “pull” a single-crystal ingot from a molten silicon feed. The sub-
strate can be obtained in a number of orientations depending on the orientation
of the seed and the direction in which the ingot is cut. Silicon (100) with the (100)
plane normal to the substrate surface is by far the most popular silicon substrate
in the CMOS industry because of the balance between electron and hole mobil-
ities and low defect densities at the semiconductor—dielectric interface. Silicon
wafers are rigid and brittle, thus, the radio frequency circuits made on them are
also rigid; however, silicon substrates can be made flexible by reducing their thick-
ness below a certain value (Figure 10.2a) [2, 4]. Using thinned, flexible substrates
to make device components conducive for fabrication of flexible radio frequency
circuits is a popular approach (Figure 10.2b) [3, 6—14]. The state-of-the-art fab-
rication processes necessary to produce these thinned silicon wafers requires
thousands of individual steps, some of which can be at very high temperatures
(>1000 °C). These temperature variations, coupled with inherent stresses in the
thin films deposited on the substrates, can cause severe bowing of the prethinned
wafer during processing. Hence, for circuits with large transistor counts, stan-
dard thickness silicon wafers have to be used first to complete the circuits and be
later thinned.
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After device fabrication, silicon wafers can be thinned using the trench-
protect-etch-release process (TPER) [15-18]. In this process, silicon wafers
with prefabricated devices are patterned at predetermined locations and deep
trenches in the silicon substrates are made using deep reactive-ion etching
(DRIE). The wafers are then subjected to conformal deposition of a protective
layer using atomic layer deposition. The protective layer is etched anisotropically
using directional reactive ion etching to remove the protective layer from only
those faces normal to the surface of the wafer (the top surface and the bottom
of the trenches, thus, keeping the walls of the trenches protected). The wafer is
then subjected to isotropic etching of silicon using XeF, gas. The etching process
proceeds at equal speed in all directions, laterally under-cutting the wafer and
when the lateral etch holes come together, the top surface of silicon is released.
A schematic illustration of this process is shown in Figure 10.2c. Alternatively,
silicon wafers may be thinned using the soft etch back (SEB) process [5, 19],
which requires that the wafer be flipped post device fabrication and etched
using DRIE. Because this process is highly controllable, wafer thickness can
be engineered with micrometer precision. Silicon pieces with state-of-the-art
FinFETs, flexed using this process are shown in Figure 10.2d. Both of these
processes are compatible with state-of-the-art CMOS manufacturing and are
meticulously designed to induce no damage to pre-existing devices.

Because in a silicon substrate the silicon atoms are tightly bound in a diamond
lattice with no slip planes to absorb any lateral force, the substrate is inherently
brittle and does not support stretchability. When single-crystalline silicon is
stretched, the silicon atoms move away from each other, slightly lengthening the
bonds. Because of the strength of Si—Si bonds, a large applied force causes only
a small amount of strain, hence, silicon has a high Young’s modulus of 169 GPa
[20]. Although the yield strain for silicon is ~1%, and therefore considered
to be inherently unstretchable, materials like silicon can be made to stretch
and withstand a large amount of deformation strain by micromachining them
into specific shapes; for example, lateral spring structures may be periodically
introduced into thin films to make them stretchable. The most popular of these
spring designs is the “horse-shoe” or “meandering” and “serpentine” structures
(Figure 10.3a) [21]. When a lateral force is applied to these structures, they twist
out of plane at certain points absorbing the work done in straining as deforma-
tion potential. Other spring structures reported in the literature for obtaining
stretchable silicon circuits include spiral spring structures (Figure 10.3b) [22],
and the leaf arm design (Figure 10.3c) [23]. These structures can be obtained by
micromachining silicon substrates after device fabrication to obtain device-first
stretchable silicon circuits.

10.3.2 Non-Silicon-Based Channels

While silicon is by far the preferred semiconductor material of choice for cir-
cuit manufacturing, several other materials have begun to show promise. One
of the most studied alternative channel material for high-frequency electron-
ics is graphene. Graphene is an allotrope of carbon with atomically thin sheets
of sp?-hybridized carbon atoms. Carbon atoms form a two-dimensional (2D)
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Figure 10.3 (a) Design, optical images, and scanning electron micrograph (SEM) images of
stretchable sensors fabricated using lateral spring structures of silicon nanomembranes. (Kim
etal. 2014 [21]. Reproduced with permission of Nature Publishing Group.) (b) and (c) Optical
images of stretchable silicon fabricated using (b) spiral interconnects and (c) the leaf arm
design. (Panel (b): Rojas et al. 2014 [22]. Reproduced with permission of AIP Publishing. Panel
(c): Dinyari et al. 2008 [23]. Reproduced with permission of AIP Publishing.)
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Figure 10.3 (Continued)

honeycomb structure with an out-of-plane p, orbital. When these p, orbitals
hybridize to form a z-band, graphene’s peculiar electrical and thermal proper-
ties are observed. Graphene has high electron mobility and conductivity, making
it an attractive option for transistors with a high switching speed. Hence, sev-
eral studies have reported the use of graphene to fabricate high-speed radio fre-
quency circuits [24—31]. Carbon nanotube (CNT) is another allotrope of carbon
studied widely for radio frequency applications [32—37]. CNTs have a cylindrical
structure with walls formed from atomically thin sheets of sp>-hybridized carbon
atoms. Because the bond structure is very similar to that of graphene, CNTs have
electronic properties that are similar to those of graphene.

Other materials include 2D atomic crystal structure (2D ACS) materials in
the transition metal chalcogenide family (e.g.,, MoS,, WS,, WSe,) [38-40],
oxide-based semiconductors (e.g., ZnO) [41-44], group IV alloys (e.g., SiGe,
SiSn, GeSn, etc.) [45-50], and organic and polymeric thin films (e.g., pentacene)
[51-53]. Unlike the Czochralski process or the float zone process used for
silicon, some of these materials can be used to fabricate thin films at relatively
low temperatures, followed by a low thermal budget process of producing a
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flexible transceiver circuit. Although this enables thin sheets of these materials
to be integrated directly onto the flexible substrate, their basic charge transport
characteristics are relatively poor compared to silicon. Also, these materials do
not have a robust theoretical model for charge transport or charge injection
mechanisms, limiting the circuit designer’s ability to simulate large-scale circuits
using these semiconductors. Furthermore, very few studies have showcased their
performance in the radio frequency regime, and subsequently, these materials
are yet to be used in commercial radio frequency transceiver circuits.

10.4 Flexible Antennas

Antennas are metallic structures capable of radiating electromagnetic waves at
a desired resonant frequency. For antennas to be flexible, they must be made
of flexible metallic structures that can conform to nonplanar and asymmetric
surfaces. Microstrip patch antennas (MPAs) are low-profile antennas that
generally comprise a metallic patch, a microstrip feed line, and a ground plane
[54]. They can be fabricated using simple and inexpensive technology, designed
according to any surface for conformal attachment, and can be flexible or
mechanically rigid and robust based on the specific application. MPAs can be
designed using sophisticated photolithography and etching techniques to obtain
dimensions up to nanometer precision. This gives designers versatility to design
complicated shapes to obtain specific antenna parameters, such as resonant
frequency, bandwidth, polarization, and impedance. Further improvements in
their design can be brought about by adding switching elements to dynamically
varying antenna parameters. One of the major advantages of MPAs is their
compatibility with modern CMOS-integrated circuit fabrication, making them
the antenna of choice for system-on-package and system-on-chip devices and
applications. They are a popular choice in today’s technology because they are
very robust and reliable over time; however, they have low efficiency and band-
width (high-quality factor). MPAs were launched by the printed circuit board
industry with the aim of using the existing technology and infrastructure to make
radiating elements, transmission lines, and integrated circuit interconnects.
Early studies reporting MPAs began to emerge in the early 1970s [55], but their
low bandwidth precluded them from popularity. During the 1980s, antenna and
radio frequency circuit designers began to realize the advantages of using MPAs
directly on printed circuit boards. In the past four decades, extensive research
has improved their bandwidth, efficiency, and reliability. Accurate modeling
techniques afforded by high-speed super-computing clusters have enabled the
design of MPAs to be fine-tuned for specific applications.

MPAs are ideal radiating components for fabricating flexible or stretchable
wireless systems for devices, such as body-mounted electronics, implanted elec-
tronics, and for applications in aviation, military, and satellite technology. They
comprise a patterned metallic patch, which connects to the signal using a metal
microstrip. If these metallic patches are fabricated on flexible substrates, the
resulting patch antenna can be flexible. Several techniques have been reported
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for fabricating MPAs on various flexible substrates. In this section, some of the
key technologies will be discussed.

10.4.1 Micromachined Flexible Antennas

Several methods can be used to micromachine conductive metallic patches onto
flexible substrates. These include sputtering, evaporation, electrodeposition, and
etching of metallic films on plastic, polymer (e.g., PDMS, polyimide, PEN, PET)
or paper substrates. One of the ways of micromachining MPAs is by the use of
flexible printed circuit boards (fPCBs). Printed circuit boards, used in the elec-
tronics industry for decades, are insulating substrates (often made with glass
epoxy) metalized with copper thin films. PCBs are used to mechanically sup-
port electronic circuit components and provide electrical conductive paths for
interconnects and pads. fPCBs have a thin polyimide base and copper metalliza-
tion has been introduced for flexible and conformal electronics applications. The
thickness of both the insulating base and copper metallization is lower in flex-
ible PCBs to afford overall flexibility. These flexible circuit boards can easily be
patterned to fabricate on-board MPAs for any desired set of antenna parameters
[56—59]. This method is favorable because the board already supports the desired
radio frequency circuit components that are to be connected to the antennas
and hence the interconnection between the antenna and the rest of the circuit
is very simple.

Flexible MPAs can also be fabricated starting with a silicon substrate base and
then releasing a metallic thin film to obtain flexibility [60]. Alternatively, liquid
crystal polymers (LCPs) can provide a suitable base for flexible antennas due
to their low dielectric constant, low loss tangent and low cost [61, 62]. Flexible
MPAs can be made by selectively metalizing a flexible polymer or textile substrate
[63-66], or by integrating conductive and nonconductive textiles together [67].

10.4.2 Inkjet-Printed Antennas

Inkjet printers use droplets of ink propelled from a chamber to obtain images on
a substrate. Most printers use a piezoelectric drop-on-demand (DOD) technique
wherein the ink chamber contains a piezoelectric element that expands upon the
application of a voltage and creates a pressure pulse in the fluid to force a droplet
out of the nozzle. The process is schematically illustrated in Figure 10.4a. Metallic
conductive lines are obtained using specially made conductive inks that use silver
or gold nanoparticle dispersions in solvents. The physical properties of these inks,
such as viscosity and surface tension, have to be tightly controlled to obtain sta-
ble droplet formation using a particular nozzle diameter. The ink is then cured
using UV exposure or heating to remove excess solvent and to obtain a continu-
ous conductive layer. The printing process is highly suitable for low-temperature,
low-cost and highly scalable manufacturing of a specific patch design on any
given flexible substrate. The printed design can be closely controlled and does
not require expensive photolithography, laser etching equipment, or a cleanroom
environment. Hence, this method is being heavily investigated for its application
for flexible antenna fabrication.
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Figure 10.4 (a) Schematic illustration of the inkjet printing process. (b) Optical images of
flexible antennas fabricated using inkjet printing on Kapton. (Ahmed et al. 2015 [68].
Reprinted with permission from IEEE.)

The versatility afforded by this technique has been used to fabricate antennas
on several substrates, including paper [69-71], Kapton (Figure 10.4b) [68],
cardboard [72], and textiles [73—75]. These studies report using silver nanopar-
ticle ink with some curing or sintering at 100-120 °C [76]. The inks generally
contain 30—-60% silver nanoparticles dispersed in an organic solvent with overall
viscosity in the centipoise range. While silver-nanoparticle-based inks are the
most commonly used, gold-nanoparticle-based inks [77, 78] and CNT-based
inks [79] have also been reported. The planar structure obtained using inkjet
printing can be folded up to obtain interesting three-dimensional shapes that
retain the characteristics of the antennas [80]. However, printed designs have a
more limited resolution than do laser-etched or lithography-based designs. Also,
porous substrates, such as paper and textiles, absorb the ink droplets, preventing
a continuous film of metallic nanoparticles from depositing on the surface.
Because this leads to discontinuous and nonconductive lines, a screening layer
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is typically printed on the textile prior to printing. Also, photo-paper is used
instead of regular paper to reduce ink absorption.

10.5 Stretchable Antennas

Skin-mounted electronics must be stretchable because human skin undergoes
large amounts of strain (up to 50%) during muscle movement [81]. Hence, it is
important to design materials and patterns that can withstand high amounts of
strain reversibly. Stretchability can either be an inherent material property, as in
the case of polymers and rubbers, or can be obtained through designing and pat-
terning otherwise unstretchable materials, such as metal springs. In the case of
polymers, the bulk material is formed from polymer chains that are thousands of
monomers long, entangled and connected to each other by crosslinks, weak Van
der Waal’s interactions, and hydrogen bonds. When a lateral force is applied to
the polymer, the polymer chains get displaced by the force because there is no
strong chemical interaction to hold them in place. When the force is removed,
the polymer snaps back into its original position to maximize its entropy, as dic-
tated by the laws of thermodynamics. For antenna fabrication, there is a need to
reversibly stretch metallic thin films while retaining their conductive behavior
during stretching. However, metal thin films commonly used in the electronics
industry, including copper, silver, gold, and aluminum, are not inherently stretch-
able. These materials form polycrystalline thin films, which have a regular crystal
structure in individual grains, but these grains are randomly oriented with respect
to each other. The boundaries of these grains are weakly bonded, hence, the grains
slip with respect to each other when a lateral force is applied to the thin film.
After a certain strain (usually <10%), the grains separate causing the metallic
film to crack and lose conductivity. Thus, metal thin films need to be patterned
to obtain stretchability. Hence, stretchability by material and design are the two
main approaches taken by the electronics community for fabricating stretchable
antennas. In this section, some of the processes and materials associated with
these approaches will be discussed.

10.5.1 Material Stretchability

Inherently stretchable materials, such as rubbers, are typically nonconducting
and therefore not suitable for radiating electromagnetic waves directly. Instead,
one of the key ways of making polymeric materials conductive is to insert conduc-
tive particles, nanowires, or flakes into the stretchable polymer matrix. In these
polymer composites, conduction of electrons takes place through the continu-
ous conductive paths made by adjoining conductive elements. According to the
percolation theory, conductivity strongly depends on the particle volume frac-
tion [82, 83]: when the particle volume fraction is below the percolation limit,
the polymer remains insulating because the conductive particles are too sparsely
distributed to conduct, but as it surpasses the limit, the polymer becomes con-
ductive as conductive pathways form from one end of the polymer composite to
another. After the percolation limit is crossed, further increase in particle volume
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fraction does not significantly influence conductivity. In general, the percola-
tion limit is affected by several factors including the size and composition of the
conductive particles, the chemical composition of the polymer matrix, and the
deposition method [84-86].

These conductive polymers can be used to obtain stretchable antennas,
as demonstrated using composites of silver nanoparticles with styrene-
butadiene-styrene [87], and silver nanowires with PDMS (Figure 10.5a) [88,
91]. In 2015, Li et al. demonstrated stretchable antennas using electrically
conductive adhesives (composites with silver nanoparticles as conductive
particles) [92]. In addition to metallic particles, liquid metals can be embedded
in polymer structures to obtain stretchable conductors. Mercury and NaK
(sodium potassium alloy) are commonly known metals that are liquid at room
temperature; however, due to their toxicity and reactivity, they are not proposed
for use in stretchable electronics applications. Recently, a eutectic alloy of
gallium and indium (called EGaln), has been demonstrated to be liquid at room
temperature [93]. In 2010, Kubo et al. demonstrated a stretchable antenna
using EGaln as the conductive material encapsulated in PDMS and EcoFlex

Ecoflex

Side view

Antenna
branch 2

Antenna
branch 1

PDMS

connector

Top view

Figure 10.5 (a) Stretchable antenna fabricated using Ag nanowire and PDMS composite.
(Song et al. 2014 [88]. Reproduced with permission of American Chemical Society.) (b) Design
and optical image of a stretchable antenna fabricated using liquid metal EGaln as the
conductive material. (Kubo et al. 2010 [89]. Reproduced with permission of John Wiley & Sons.)
(c) Optical image of a stretchable metal-polymer bilayer creating an antenna designed for
constant frequency communication during straining. (Hussain et al. 2015 [90]. Reproduced
with permission of John Wiley & Sons.)
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substrates (Figure 10.5b) [89]. In addition, a ternary metal alloy formed with
gallium, indium, and tin (called Galinstan), which is liquid at room temperature,
has been used to fabricate stretchable antennas, mostly utilizing PDMS as the
encapsulation polymer [94—-97].

10.5.2 Design Stretchability

Although polymer composites and polymer-embedded stretchable antennas can
radiate electromagnetic waves continuously during the application of lateral or
biaxial strain, the frequency of these radiations invariably shifts due to the defor-
mation of the antenna. Because the resonant frequency of an antenna strongly
depends on the length of the antenna, it is expected that straining a stretchable
antenna will distort its initial resonant frequency. While this can be useful in
certain niche applications, such as for wireless strain sensing, it is highly unde-
sirable for normal communication that involves a fixed frequency transceiver.
Indeed, for a stretchable antenna that can communicate at constant frequency
irrespective of the strain, the stretchability cannot be obtained using inherent
material stretchability. In this section, we will discuss the use of spring structures
to obtain stretchable antennas. Lateral spring structures, designed and patterned
using micromachining have been demonstrated in the past as stretchable inter-
connects [98, 99]. When a lateral force is applied to a free-standing lateral spring,
the spring elongates and twists out of plane at certain points. The deformation
potential associated with this twisting action absorbs the work done in straining,
thus, reducing the strain on the metal thin film itself, preventing the metal thin
film from physically elongating during the elongation of the lateral spring. How-
ever, the spring structure must be free-standing to allow the twisting to take place,
otherwise, if the metal thin film is patterned in the form of horseshoe springs on a
continuous polymeric substrate, for example, the elongation of the substrate will
cause the metal thin film to elongate, negating the potential benefits of the spring
design [100].

In 2015, Hussain et al. demonstrated a stretchable antenna based on the horse-
shoe lateral spring structure (Figure 10.5c) [90]. The antenna was fabricated using
electrochemically deposited copper as a conductive material and a low-stress
polyimide layer as the support. Both the polyimide layer and the copper were
patterned in the lateral spring structure and released to obtain a free-standing
antenna. Key antenna parameters, such as resonant frequency, gain, bandwidth,
and radiation pattern, were shown to remain constant with strain. This process
can be used to obtain stretchable antennas with various lateral spring designs
and strain-invariant performance parameters. As discussed in Section 2.3,
S,; is a key antenna parameter that represents the losses associated with the
transmission line—antenna junction. The measured S;; of the fabricated antenna
for the stretched and unstretched case shows virtually no change in the pattern
(Figure 10.6a). The antenna is said to “resonate” at a particular frequency if the
S,; at that frequency is sufficiently low. In the case of the stretchable antenna
reported, which was designed to resonate at 2.45GHz, S;; was observed to
sharply decline at this frequency for both stretched and unstretched cases. Thus,
the resonant frequency has been maintained. Further, the bandwidth was defined
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as the region of frequency where S, is less than 10 dB (shown with a dotted line
in Figure 10.6a). This region, and hence the bandwidth, can also be observed
to be reasonably invariant with strain. The §;; reported for stretching cycles
(Figure 10.6b) also shows that the resonant frequency and bandwidth remain
invariant. In case of mounting the antenna on a human subject (Figure 10.6¢), the
resonant frequency shows a slight shift on stretching, which can be attributed to
variation in contact impedance due to straining while being worn on the skin.
However, because S;; of the stretched antenna at the design frequency is still
very low (~—15 dB), the antenna essentially radiates most of the supplied power
at the design frequency and can be used for single frequency communication. For
the gain of the antenna, the authors report a value of close to 0 dB at maximum
point (Figure 10.6d). Because the radiation pattern is that of an omnidirectional
antenna (Figure 10.6e), the power is distributed evenly across most of the solid
angle around the antenna. Hence, this gain is expected as 0dB (gain of 1 in
dimensionless terms) which means an isotropic antenna with the same input
power would radiate with the same intensity in the given direction.

10.6 Future Outlook

The field of flexible and stretchable wireless systems continues to steadily
advance. Recent breakthroughs in processing techniques have enabled the
circuits and the antennas to be made flexible and stretchable. While these
are promising advances, many more challenges need to be resolved before a
truly flexible and stretchable wireless communication system can be imple-
mented. Radio frequency circuits and antenna are the key building blocks of
any communication system and developing flexible and stretchable versions
of these is essential and the right step forward. However, in the near future, it
is necessary to use these advances and develop complete wireless systems by
interconnecting them. Moreover, for a complete standalone system, we need
both a flexible battery and a flexible memory. Although flexible memories have
been reported in the literature [101], the field has only just taken off, leaving
room for many more advances in memory technology that are needed to reach
a flexible, stretchable gigabyte memory. Another key component of the wireless
system is the battery, which has become a limiting factor for performance
specifications in modern devices. Although silicon processor technology has
advanced tremendously paving way for reliable and low power radio frequency
transistors to be fabricated, electromagnetic radiation consumes a lot of power
itself. Furthermore, the power radiated into free space by wireless communica-
tion systems is delivered by battery, placing higher demands on battery lifetime.
Several studies have reported flexible and stretchable batteries [98, 102], but their
performance is insufficient to be comparable to solid-state batteries. To realize
standalone flexible, stretchable wireless systems, continued advancements in
flexible, stretchable radio frequency circuits, antennas, memories, and batteries
along with advancements in their interconnection methodologies are needed.
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11.1 Introduction

Recent studies on flexible electronics have resulted in excellent contributions to a
wide variety of applications, especially with regard to personal health monitoring
devices, including electronic skins (e-skins) [1-5]; wearable or skin-attachable
devices [6-10]; implantable devices [11-13]; and advanced devices with
additional unique characteristics such as biocompatibility/biodegradability/
bioresorbability [14—16], self-power [17, 18], and self-healing [19, 20]. For all
the aforementioned applications, flexible/stretchable/conformable polymer
layers have a crucial, significant role in determining the final properties and
overall structural characteristics of materials and devices. The significance
of layering of thin films increases as the devices become more complex and
multifunctional. Although polymeric supporting layers, made of structured
metal or other inorganic materials, contribute significantly to mechanical
stability, flexibility, stretchability, and conformability, they are often considered
as “structural” components of the devices, just acting as supporting layers for
the “functional” part.

In an additional approach, namely that of organic electronics and bioelectron-
ics, conducting and semiconducting polymers can play roles of both structural
and functional materials. In this regard, poly(3,4-ethylenedioxythiophene)
(PEDOT) is probably the most widely used conjugated conductive polymer
[21, 22]. Owing to its outstanding electronic, structural, and biocompatible prop-
erties, its applications cover a wide range of fields from electronic components to
biomedical devices [23, 24]. The availability of this polymer as a readily available
aqueous dispersion of PEDOT:PSS (PEDOT doped with poly(styrenesulfonate))
is one of the reasons why PEDOT has become the most successful conductive

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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polymer. Partially oxidized PEDOT macromolecules in combination with
partially deprotonated PSS as a counter-ion can indeed form a polyion complex
made up of core (PEDOT)-shell (PSS) structure [25], thus allowing its stable
dispersion in water. A PEDOT:PSS dispersion is produced on an industrial scale
and displays versatility in several coating, printing, deposition techniques. Since
the early 2000s, the application of PEDOT:PSS has been investigated for its
potential as a charge injection layer in organic light emitting diodes (OLEDs)
[26, 27], organic field effect transistors (OFETs) [28—31], organic photovoltaics
(OPVs) [32, 33], as well as a transparent conductor as an alternative for indium
tin oxide (ITO) or other transparent conductive oxides (TCOs) [34].

On the other hand, our groups, since 2007, have developed free-standing
polymer ultrathin films (nanosheets) with a thickness of tens to hundreds of
nanometers and a huge size-aspect ratio of 10° between thickness and width
[35-37]. Taking advantage of their large contact area—bilateral structures that
allow heterofuctionality by surface modification, and unique physical properties
such as physical adhesion, robustness, and flexibility—nanosheets have been
used as “nanoadhesive plasters” for biomedical applications such as surgical
tools [38—40], cell/tissue engineering [41-45], and drug delivery system [46, 47].
Functional magnetic nanosheets could also be produced by the introduction
of superparamagnetic iron oxide nanoparticles (NPs) in a structural polymer
matrix [48].

Since 2011, the introduction of electroconductive properties in free-standing
nanosheets has been considered suitable for application as ultra-conformable
electrodes or electrically responsive membranes. To this aim, we developed
PEDOT:PSS based ultrathin and free-standing nanosheets [49-54] (Figure 11.1).
The conductive nanosheets can adhere onto various kinds of complex surfaces
including human skin, without using any adhesive agents. From the next section,
we describe the various methodologies for the preparation of single-layered
and multi-layered conductive nanosheets. We also introduce a couple of tech-
niques for patterning of conductive properties in order to define circuits on
board of free-standing nanosheets- and to collect free-standing nanosheets

PSS

10s to 100s
of nm thick Size-aspect
SO5” SO;H SOH SOsH SO;~ SOgH ratio > 10°
PEDOT
£ I I Il
: ; {2+ % =
b - n Large contact area
©“r P P
PEDOT:PSS Conductive nanosheet

Figure 11.1 General features of a “conductive nanosheet”; a free-standing conductive
polymer ultrathin film based on poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS).
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with a size aspect ratio in excess of 10°. Electrical, structural, mechanical, and
electrochemical characterization of the conductive nanosheets is then presented
before to show some applications as ultra-conformable sensors, electroactive
actuators, and skin-contact electrodes.

This chapter particularly highlights what kinds of physical, chemical, and elec-
trical properties are exhibited by two-dimensional conductive polymer assem-
blies, and also describes how such properties can be applied or integrated into
smart electronics. The conductive nanosheet technology will open a new avenue
toward the development of flexible electronics and devices as the world’s thinnest
smart electrical interface between biological systems and the external world as in
environments, computers, and robots.

11.2 Fabrication of Conductive Nanosheets

11.2.1 Spin-Coating-Processed Conductive Nanosheets

This section starts with the most simple, basic conductive nanosheets;
PEDOT:PSS single-layered nanosheets, which were fabricated by spin-coating
of a commercially available ready-to-use PEDOT:PSS aqueous dispersion
(Clevios™ PH1000, the weight ratio of PEDOT to PSS is 1:2.5, Heraeus GmbH)
[49]. First, a thin film of PDMS (~800 nm thickness) was formed by spin-coating
of a PDMS solution diluted by n-hexane (15% in weight) onto silicon substrates.
After curing the PDMS (95°C, 1h), an air plasma treatment was applied for
temporal improvement of the PDMS surface wettability. The PEDOT:PSS
solution was filtered (pore size 1.20 pm) and subsequently spin-coated for
60s over the plasma-treated PDMS thin film. The spin-coating rotation speed
was varied between 1000 and 6000rpm to obtain nanosheets of different
thicknesses. The thickness of the nanosheet could be controlled between
30 and 100nm. Then fabricated nanosheets underwent a thermal treatment
(170°C, 1 h), which made the nanosheets resistant to water and improved their
electrical conductivity. The PEDOT:PSS conductive nanosheet was released
as a free-standing structure by a water-soluble supporting layer technique
[38, 55]. A poly(vinylalcohol) (PVA) supporting layer was formed by casting
a PVA aqueous solution (10wt%) onto the fabricated nanosheets and drying
overnight at room temperature. The PEDOT:PSS/PVA bilayered thin film was
then peeled off from the substrate and finally released into water to dissolve
the PVA layer, resulting in free-standing PEDOT:PSS single-layered conductive
nanosheet (Figure 11.2a and b). After recollecting them onto various substrates,
the conductive nanosheets showed good conformability against smooth and
rough, soft and rigid surfaces (Figure 11.2c—e).

Taking advantage of this technique, we embedded other polymers to fabricate
multilayered conductive nanosheets such as PEDOT:PSS/poly(lactic acid)
(PLA) bilayered nanosheets; the PLA layer (tens to hundreds of nanometer
thickness) acts as a mechanical supporting layer that enhances robustness of the
free-standing nanosheet [50]. The PEDOT:PSS/PLA nanosheet was prepared by
modifying a fabrication process of single-layered PEDOT:PSS nanosheets. After
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Figure 11.2 (a) Schematic illustration of the spin-coating process for the preparation of a
free-standing single-layered conductive nanosheet. (b) A free-standing PEDOT:PSS nanosheet
in water. PEDOT:PSS nanosheets collected onto (c) paper, (d) human skin, and (e) steel mesh
(scale bar 100 pm). (Greco et al. 2011 [49]. Reproduced with permission of Royal Society of
Chemistry.)

(a)

the thermal treatment of PEDOT:PSS nanosheets, a PLA solution in organic
solvent (e.g., chloroform, dichloromethane, or ethyl acetate) was spin-coated and
then a PVA-supporting layer was deposited by the same protocol as described in
the case of single-layered nanosheets for the detachment of the PEDOT:PSS/PLA
nanosheet.

Moreover, patterned conductive nanosheets (Figure 11.3a) were obtained by
the addition of a step of localized/patterned over-oxidation of the PEDOT:PSS
layer to the above-described procedure [50]. In this case, inkjet printing is
useful for patterning the surface of nanosheets because it provides a noncontact,
maskless process for a large area. Localized/patterned over-oxidation of the
PEDOT:PSS layer was carried out by inkjet printing of a sodium hypochlorite
(NaClO) aqueous solution (2wt%) with 0.13wt% Triton X-100 by using a
Dimatix Materials Printer (Fujifilm Co., Japan). The inkjet printing/patterning
was performed just before spin-coating the PLA solution. Indeed, upon exposure



Release in water

Figure 11.3 (a) Scheme of bilayer PEDOT:PSS/PLA nanosheets subtractive patterning through inkjet printing of a deactivating (overoxidizing) solution of
NaClO. (b) Free-standing patterned nanosheet (IIT logo) floating in water. Inkjet patterned nanosheets (interdigitated electrodes pattern with 200 pm gap size)
collected onto (c) paper and (d) a steel mesh. (e) Demonstration of functioning of nanosheet as a suspended and bendable conductor membrane: patterned
nanosheet (two conducting lines) suspended over a plastic frame and connected to an LED. (Greco et al. 2013 [50]. Reproduced with permission of American
Chemical Society.)
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of PEDOT(:PSS) to NaClO, irreversible deactivation (suppression of electrically
conductive properties) is obtained, because of breaking of conjugation in the
polythiophene chain; concomitantly, the PEDOT:PSS color is bleached from
blue to transparent [56]. In this way, it was possible to fabricate circuits with
customizable shape and design onto the surface of free-standing nanosheets.
Successful operation was demonstrated as ultra-conformable circuits with the
nanosheet on a variety of surfaces (e.g., skin, elastomers, paper, among others) or
in a free-standing state, where the printed circuit acted as connectors between a
DC voltage supply and an operating light emitting diode (LED) (Figure 11.3b—e).

11.2.2 Roll-to-Roll (R2R) Gravure-Printing-Processed Conductive
Nanosheets

It is of crucial importance for real-world applications to extend the processing of
the conductive nanosheet technologies to mass-scalable industrial film fabrica-
tion techniques. Recently, our groups proposed a methodology for continuous,
high-throughput, large-area preparation of PEDOT:PSS single-layered and
PEDOT:PSS/Poly(p,L-lactic acid) (PDLLA) bilayered conductive nanosheets
based on a Roll-to-Roll (R2R) process [54]. The proposed process employed
a gravure-coating system (Tabletop Mini-Labo™ Test Coater, Yasui Seiki Co.,
Japan, Figure 11.4a).

Asregard the single-layer, we obtained free-standing nanosheets by a sacrificial
layer technique. Firstly, a cellulose acetate (CA) sacrificial layer was deposited by
gravure-printing of a CA solution in acetone onto a poly(ethylene-terephtalate)
(PET) film substrate (Lumirror® T60, thickness: 25pum, Toray Industries,
Inc., Japan) and dried under a hot air flow. A PEDOT:PSS dispersion mixed
with a nonionic fluorosurfactant, Zonyl® FS-300 (1vol%) was then deposited
over the CA layer. After drying the PEDOT:PSS layer, a thermal treatment
(140°C, 15min) was carried out on the re-reeled PET film coated with a
PEDOT:PSS/CA bilayered film. This R2R technique provided a roll sample with
an area of 12cm X ~20m (Figure 11.4b) in a typical deposition session. Finally,
free-standing PEDOT:PSS single-layered conductive nanosheets were obtained
by dissolving the CA sacrificial layer in acetone (Figure 11.4c). The nanosheet
thickness could be controlled between 60 and 135 nm by varying the gravure roll
rotation speed.

PEDOT:PSS/PDLLA bilayered conductive nanosheets, consisting of a PDLLA
mechanical supporting layer and a PEDOT:PSS conducting layer, were also
prepared by an R2R process. A PDLLA solution in ethyl acetate was first
gravure-printed on a poly(propylene) (PP) film substrate (TORAYFAN® 2500H,
thickness: 40 pm, Toray Industries, Inc., Japan). A PEDOT:PSS dispersion mixed
with Zonyl® FS-300 (1vol%) was then gravure-printed over the dried PDLLA
layer. Fabricated PEDOT:PSS/PDLLA bilayered nanosheets were detached from
the PP substrate by a “tape method” (the schematic procedure is represented in
Figure 11.4d) using an adhesive tape frame attached onto the PEDOT:PSS layer, to
detach the nanosheets from the plastic substrate (Figure 11.4€). Such suspended
membranes could be then transferred onto target surfaces (including skin)
with the aid of a reusable wet nylon mesh. The large-size bilayered conductive
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Figure 11.4 (a) Tabletop Mini-Labo™ Test Coater, Yasui Seiki Co., Japan (upper) and schematic
illustration of a Roll-to-Roll (R2R) gravure-printing system (bottom). R2R process uses a gravure
roll with an engraved texture that allows to print the ink (polymer solution) onto the flexible
substrates. (b) R2R processed conductive nanosheets supported on a roll substrate.

(c) A free-standing R2R-processed single-layered conductive nanosheet in acetone.

(d) Detachment of a PEDOT:PSS/PDLLA bilayered conductive nanosheet from a
poly(propylene) (PP) substrate by a “tape method". Four pieces of Scotch® adhesive tape were
placed on the nanosheet-printed side of the PP substrate to form a supporting frame for
detachment (i). The PP substrate was peeled off from the frame (ii) to obtain a free-standing
nanosheet supported by an adhesive tape frame (iii). (¢) An R2R conducting nanosheet peeled
off from the substrate. (f) Example of a large-area conductive nanosheet transferred onto
human skin. (a-f: Zucca et al. 2015 [54]. Reproduced with permission of Royal Society of
Chemistry.) (g) “Summer Triangle” in Your Hand: an ultra-conformable conductive nanosheet
bridging LEDs on the skin. (g: Fujie 2016 [37]. Reproduced with permission of Nature
Publishing Group.)
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nanosheet transferred onto the skin is shown in Figure 11.4f. The electrical
conductive property of the nanosheet was demonstrated by operating LEDs on
the skin (Figure 11.4g, the image title: “Summer Triangle” in Your Hand, the cover
art for [37]). The thickness of the PEDOT:PSS and the PDLLA layer could be
regulated by varying the gravure roll rotation speed and polymer concentration;
a total thickness of bilayered nanosheets was between 180 and 300 nm.

Thanks to this R2R technique, we succeeded in scaling up the processing
capability of the conductive nanosheets and approached real-world applications.
By the combination with other printing methods such as inkjet printing, screen
printing, and microcontact printing, fully integrated electronic devices (e.g., elec-
trodes, sensors, and transducers) will be also envisioned on an R2R nanosheet.

11.3 Characterization of Conductive Nanosheets

11.3.1 Electrical Properties of Conductive Nanosheets

Electrical properties of conductive nanosheets are typically investigated by
a four-point probe measurement method. Conductivity of the spin-coated
single-layered PEDOT:PSS nanosheets measured at different release and recov-
ery steps with different thickness highlighted some peculiar phenomena of
these free-standing large-area 2D conductors. The measurements have been
performed on the PEDOT:PSS single-layered nanosheets on PDMS (prior to
release) and on glass substrates (posterior to release). The measurement was
repeated after a thermal treatment at 170°C for 1h in order to evaluate the
effect of the residual water on the electrical properties. Figure 11.5a shows the
obtained values of conductivity of the nanosheets in different situations. Indeed
it was possible to appreciate that, while nanosheets having thickness around or
over 100 nm show conductivity values that are comparable to bulk PEDOT:PSS
samples (i.e., films having thickness of some micrometers or more), a somewhat
lower conductivity is observed in thinner nanosheets. This behavior was ratio-
nalized by taking into consideration the grain-like structure of PEDOT:PSS in
the film (composed of PEDOT-rich cores surrounded by PSS-rich shells, with
typical size ~30nm) and percolative behavior (Figure 11.5b) [49]. From the
results shown in Figure 11.5b, we discussed that the fluctuation of conductivity
of the PEDOT:PSS nanosheets were strongly associated with the structure of
the PEDOT-rich particle assembly in the film. In the range of thickness under
80 nm, the PEDOT-rich cores could not be densely piled up with each other and
thus neighboring conductive regions were not well interconnected. Thereby,
the increased length of the conducting pathways in the same distance caused
the reduction of conductivity. When a percolation threshold was reached, the
stacking of the conductive PEDOT-rich particles at larger thickness provided
the multiple parallel pathways to form an electrical network thus leading to the
improvement of conductivity.

While previous discussions involved the conductive properties of nanosheets
made up of PEDOT:PSS (i.e., without any additional functional additive), it is
well known that a series of chemical substances called “secondary dopants” have
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Figure 11.5 (a) The relationship between the thickness t and the conductivity ¢ of
free-standing single-layered conductive nanosheets prepared by a spin-coating process.
Nanosheets supported onto PDMS before release, (solid squares); nanosheets after release in
water, re-collection on glass (solid circles), and after a subsequent thermal treatment, (solid
triangles). (b) Schematic representation of the percolative mechanism in single-layered
PEDOT:PSS nanosheet structure composed of PEDOT-rich particles surrounded by the PSS
matrix. Length of conducting pathways between neighbor PEDOT particles (dashed line)
increases as its thickness comes up to a percolation threshold, thus establishing multiple
parallel pathways. (Greco et al. 2011 [49]. Reproduced with permission of Royal Society of
Chemistry.)

a relevant effect on improving the electrical properties of PEDOT:PSS [21].
The term “secondary dopant” refers to an additive reagent that increases the
conductivity of a conjugated polymer that already includes a “primary” dopant by
up to 2—3 orders of magnitude. Primary dopant (as PSS in PEDOT:PSS) is indeed
introduced as a counter-ion during the synthesis of the material, usually an
oxidative chemical polymerization or electrochemical polymerization. In order
to enhance the conductivity of the films fabricated by depositing PEDOT:PSS
dispersions, several organic solvents such as ethylene glycol (EG) [57-59],
dimethyl sulfoxide (DMSO) [60], and N-methyl-2-pyrrolidone (NMP) [61] have
been investigated as secondary dopants. Ouyang et al. [62] summarized the
effect of various secondary dopants on the conductivity of PEDOT:PSS films.
There are also some reports about the secondary doping effect of sorbitol [63]
and polyethylene glycol (PEG) [64, 65]. The reasons why highly polar moieties
enhance the conductivity are thought to be as follows: “(i) a screening effect
between positive-charged PEDOT chains and negative-charged PSS; leading
to the reduction of the Coulombic interaction between them, (ii) an inductive
effect on the orientation of PEDOT by replacing PSS molecules with the high
polar moieties, (iii) an enhancement of the dispersibility, and (iv) a formation
of the conducting paths by regulating superstructure of PEDOT” [62]. More
recently, ionic liquids [66] and electrolyte salts [67] also proved to be efficient
secondary dopants to PEDOT:PSS.

The effect of two different secondary dopants was tested on conductive poly-
mer nanosheets: (i) DMSO, a conventional secondary dopant and (ii) butylene
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Figure 11.6 Conductivity o of free-standing single-layered conductive nanosheets prepared
by an R2R gravureprinting process as a function of their thickness t; comparison among
different formulations of a PEDOT:PSS dispersion: pristine (solid circles), 5% BG-doped (solid
squares), and 5% DMSO-doped (black circles). On the right side detailed trends for secondary
doped (up) and pristine (bottom) formulations of PEDOT:PSS.

glycol (BG). The latter was especially selected from the view point of skin-contact
applications since BG is included in several skin-applied cosmetic products as a
dermatologically approved ingredient [68]. Moreover, it was foreseen as a bio-
compatible alternative to a well-known secondary dopant, EG, because of struc-
tural and physico-chemical similarity. DMSO or BG was added as 5 vol% additives
to the original PEDOT:PSS aqueous dispersion. Doped nanosheets were pre-
pared by an R2R gravure-printing process to evaluate conductivity and compare
it with that of pristine samples. As shown in Figure 11.6, the effect of both DMSO
and BG was clearly demonstrated by the higher conductivity that was three orders
of magnitude as compared with that of the pristine samples. This secondary dop-
ing effect on the electrical properties was totally in agreement with the previous
report for PEDOT:PSS films containing similar dopants [63]. The conductivity
of the nanosheets slightly increased as the thickness increased, similar to the
results observed in spin-coated nanosheets. This fact can be rationalized by the
above-described percolation effect observed at small thickness, comparable with
the size of PEDOT-rich particles [69].

11.3.2 Structural Properties of Conductive Nanosheets

Structure and surface micro/nanotopography of the spin-coated single-layered
conductive nanosheets were investigated before and after being released in
water in order to observe the change in their thickness and surface morphology.
Interestingly, an average 12% decrease in thickness was observed independently
on the original thickness. This effect is ascribable to the loss of excess PSS (e.g.,
a typical PEDOT:PSS water dispersion Clevios™ PH1000 contains 2.5 times
larger weight of PSS than PEDOT) during water-rinsing or releasing process of
the nanosheet. Indeed, it is known that the excess PSS causes phase separation
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from the PEDOT:PSS complex and forms a top PSS-rich layer in the film (10% of
total film thickness) [70, 71]; a previous report showed that such excess amount
of the PSS outer layer can be removed by a water rinse [69]. According to this
report, by considering the Beer—Lambert law behavior of the PEDOT:PSS films,
a 1:2.5 mass ratio of PEDOT to PSS in the films made from a PEDOT:PSS water
dispersion changed into 1: 1.4 after a water rinse [69]. We also confirmed the PSS
removal by the surface morphological change after releasing the PEDOT:PSS
free-standing nanosheets in water, as observed by atomic force microscope
(AFM) measurements (images are shown in Figure 11.7a). Upon removal of the
surface PSS-rich layer, the distinct grain-like structure of PEDOT:PSS emerged
clearly, and, at the same time, the surface roughness (R,) increased from 1.02 to
1.47 nm, when the thickness changed from 78.6 to 70.1 nm [49]. Nevertheless,
even after release in water, the surface of free-standing PEDOT:PSS nanosheets
was still rather smooth (R, < 2nm), which feature has beneficial implications in
ultraconformability, adhesion, and electrical interface with target surfaces onto
which nanosheets are recollected.

The morphological changes associated with the addition of the secondary
dopants have also been investigated by several groups. Crispin et al. reported
that the addition of diethylene glycol (DEG) reduced excess PSS from the surface
of the PEDOT:PSS particles by phase separation, leading to the enhancement of
conductivity of the films from 0.006 S/cm (pristine) to 10 S/cm (0.3 wt% DEG)
[72]. They observed elongated fiber-like islands in AFM images due to the segre-
gation of the excess PSS surrounded by a PEDOT:PSS phase. A more recent study
using EG and PEG as a secondary dopant also showed similar AFM phase images
[65]. According to these studies, a screening effect, described in the previous
section, was produced by the addition of glycol derivatives, thus allowing the
formation of the well-separated fiber-like structure probably derived from the
phase separation between PEDOT and PSS. Here, we show AFM phase images of
BG-doped PEDOT:PSS nanosheets (Figure 11.7b). As described before, BG was
selected as a dermatologically approved glycol derivative, envisaging biomedical
uses of the conductive nanosheets. While the pristine PEDOT:PSS nanosheet
showed a small phase separation consisting of PEDOT:PSS grain-like structure,
the nanosheets containing a 5vol% BG showed a highly-connected fiber-like
structure which can be associated with a very different percolative behavior. The
results suggested that the enhancement of the conductivity can be related to the
structural change of PEDOT:PSS nanosheets at the nanoscale caused by the BG
treatment. This drastic effect of BG is probably explained by the same theory
that was reported in previous studies.

11.3.3 Mechanical Properties of Conductive Nanosheets

Investigation of mechanical properties in free-standing nanosheets is particularly
relevant. Mechanical properties play a key role in the ability of an ultrathin film
to maintain its structural and functional integrity as a free-standing or partially
supported membrane or to conformably adhere to the target surfaces. Despite
the wide usage of PEDOT:PSS in several relevant technological applications,
there have not been many studies focusing on the mechanical properties of
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Figure 11.7 (a) AFM topographic images (1.5 pm x 1.5 pm) of single-layered PEDOT:PSS
nanosheet (spin-coating-processed) collected on Si after its release in water. Surface
topography made up of individual grains is evidenced. (Greco et al. 2011 [49]. Reproduced
with permission of Royal Society of Chemistry.) (b) AFM phase images (500 nm x 500 nm) of
the surface morphology of conductive nanosheets: comparison among different
concentrations of a secondary dopant BG; pristine, 3%, 5%, and 9% BG-doped.

PEDOT:PSS thin films. Moreover, most studies did not investigate the properties
of ultrathin films, but rather focused on relatively thick films. For instance,
Okuzaki et al. performed a tensile test for free-standing microfibers (10 pm
diameter) or cast films (20 — 30 pm thickness) of PEDOT:PSS, to investigate the
Young’s modulus and tensile strength [73, 74]. Additionally, Lang et al. showed
that the mechanical properties of PEDOT:PSS cast films (25pm thickness)
varied depending on the humidity [75]. Thus, no previous studies addressed the
mechanical behavior of PEDOT:PSS nanosheets before the report, by our groups,
of a methodology for preparation of free-standing PEDOT:PSS nanosheets [49].
In this study, regarding the free-standing single-layered PEDOT:PSS nanosheets,
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the mechanical properties were characterized by “strain-induced buckling
instability for mechanical measurements” (SIEBIMM) [76], a special technique
developed to measure the Young’s modulus of polymer-based ultrathin films.
The SIEBIMM is based on analyzing the buckled surface of polymer thin films.
When the thin film is re-collected onto a prestretched elastic substrate (i.e.,
a PDMS slab), strain relaxation induces buckling of the film, with periodic
wrinkles. By measuring the wrinkle wavelength A on the film surface, the Young’s
modulus E of the film is calculated using the following formula:

C3EA-) [ 4
T <ﬁ>

where E is the Young’s modulus, v is the Poisson’s ratio, ¢ is the thickness of
the nanosheet, and subscripts n and s refer to nanosheet and substrate (PDMS
in this case), respectively. As regards PEDOT:PSS nanosheets, evaluation of
Young’s modulus by SIEBIMM employed E; = 1.8 MPa, v, = 0.33, and v, = 0.50,
by following a previous report [77]. The measurements were performed at 50%
relative humidity (RH).

The measured buckling wavelength and the Young’s modulus of each samples
with different thicknesses, calculated by Eq. (1), are displayed in Figure 11.8a and
b, respectively. The increment of buckling wavelength depending on the increase
of the thickness was observed as expected. The calculated Young’s modulus val-
ues of the nanosheets (0.81, 1.02, and 1.02 GPa for 37, 58, 77 nm thick samples,
respectively) is in good agreement with the values measured with other tech-
niques on 25 pm-thick cast films at 55% humidity condition (0.9 GPa) reported in
a previous study [75]. The lower Young’s modulus in the thinner samples is prob-
ably derived from the structural variation of the films as discussed in Section
11.3.1 using Figure 11.5b, On the other hand, the Young’s modulus values of
PEDOT:PSS nanosheets were relatively lower compared to those of other poly-
mer ultrathin films with tens to hundreds of nanometers thickness evaluated by
SIEBIMM such as polystyrene (ca. 3.5 GPa) [76], polyelectrolyte multilayer films
(ca. 2.7 GPa) [77], and PDLLA (ca. 3 GPa) [78]. This can be attributed to the pres-
ence of moisture-sensitive hydrophilic PSS.

Adhesion properties of nanosheets made from polyelectrolyte multilayers
is strongly associated with their thickness and mechanical properties [38].
Interestingly, we found that the adhesive strength of nanosheets drastically
increased as their thickness decreased below 200 nm due to the decrement of
their elasticity. This unique characteristic of the nanosheets provides physical
adhesion against various substrates including human skin without any adhesive
or surface functionalization. The high adhesive strength of the ultrathin and
low Young’s modulus free-standing PEDOT:PSS nanosheets was demonstrated
and quantified by the evaluation using a microscratch tester [79]. The adhesion
properties of the nanosheets were evaluated by investigating the critical load
required to detach them from an SiO, substrate. Such evaluation was carried on
R2R-processed single-layered PEDOT:PSS, PDLLA, and PEDOT:PSS/PDLLA
bilayered nanosheets with different thicknesses of the PDLLA layer.

As shown in Figure 11.8¢—f, we observed that the normalized critical load (i.e.,
obtained values were divided by the nanosheet thickness) increased depending

(11.1)
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Figure 11.8 Mechanical properties of the single-layered PEDOT:PSS conductive nanosheets
with different thicknesses t evaluated by the SIEBIMM [76] measurement. The relationship
between thickness t and (a) the buckling wavelength 4, that is, the distance between two
consecutive ripple maxima and (b) the Young’s modulus En of the nanosheets. Inset shows an
example of strain-induced buckling on a 77.1 nm thick conducting nanosheet sample
(topographic image obtained by AFM). (a and b: Greco et al. 2011 [49]. Reproduced with
permission of Royal Society of Chemistry.) Evaluation of adhesive strength of the conductive
nanosheets recollected onto SiO, substrates using a microscratch tester. (c) Images of
representative scratch samples. Normalized critical load for (d) single-layered nanosheets,
comparison among various thicknesses of PDLLA layer for PEDOT:PSS; PEDOT:PSS/PDLLA
bilayered nanosheets with (e) BG and (f) DMSO as secondary dopants in the PEDOT:PSS
dispersion, comparison among nanosheets with different thicknesses of the PDLLA layer for
both PDLLA and PEDOT:PSS sides attached to the substrates. (c—f: Zucca et al. 2015 [54].
Reproduced with permission of Royal Society of Chemistry.)
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on the decrement of the thickness for both single-layered and bi-layered
nanosheets. As regards the single-layered PDLLA nanosheets, the critical load
decreased from ca. 40 000 N/m to ca. 22 000 N/m as the thickness increased from
72 to 168 nm (Figure 11.8d). Instead, the single-layered PEDOT:PSS nanosheet
with a thickness of 110 nm showed a higher critical load (ca. 51000 N/m)
than PDLLA nanosheets (Figure 11.8d). When comparing similar thickness,
the adhesive strength of PEDOT:PSS nanosheets (110nm thick) was around
1.8 times higher than that of PDLLA nanosheets (120 nm thick, critical load:
ca. 28000N/m). In the case of a bilayer, we compared the results between
bilateral sides of the nanosheets. Regardless of the secondary dopants (DMSO
and BG), higher values of critical loads were found when the PEDOT:PSS
side was attached to the substrate rather than the PDLLA side (Figure 11.8e
and f). It is suggested that the higher adhesive strength of the PEDOT:PSS
side is derived from the surface energy and the mechanical properties, that
is, the higher hydrophilicity and the lower elastic (Young’s) modulus of the
PEDOT:PSS compared to those of PDLLA. Such hetero-surface properties will
be an important aspect to transfer the conductive nanosheet to biological tissues
with appropriate mechanical properties.

11.3.4 Electrochemical Properties of Conductive Nanosheets

In addition to the conductive properties, PEDOT:PSS has unique electro-
chemical properties as ionic conductors. Owing to its twofold functionality,
this conductive polymer has been used as a transducer at the biotic/abiotic
interface; that is, between the wet biological world (e.g., cells, organs, and
skin) and dry electronic devices (e.g., electrodes, sensors, actuators, and drug
delivery systems). Basically, these applications are based on the “switching” of
the redox state of PEDOT:PSS by electrochemical activation. Interestingly, many
properties such as transparency (i.e., color), surface energy (i.e., wettability),
protein/cell adhesiveness can be fully reversibly regulated by applying a relatively
low voltage (0-1V) to this material. Taking advantage of this unique electro-
chemical behavior, PEDOT:PSS has been recently applied in the field of smart
biointerfaces such as electronic controlled cell detachment [80], ions transport
[81], and other organic bioelectronic materials [82, 83].

As a demonstration of electrochemical switching of free-standing conductive
nanosheets, cyclic voltammograms (CV) curves were obtained at different
scan rates (Figure 11.9a) [50]. In this case, a patterned conductive nanosheet
separated into two electrically isolated regions was re-collected on a polytetraflu-
oroethylene (PTFE) ring-shaped frame equipped with sputtered gold electrodes
and wires for contacting each region of the nanosheet. One region acted as a
working electrode and the other as a counter electrode in cyclic voltammetry
experiments. Typical reduction/oxidation peaks and the color change of the
PEDOT:PSS (dark blue for the reduced state in comparison with light blue for
the oxidized) were observed due to its electrochromic properties. Alternate
reversible switching redox reaction of each region was also observed with the
corresponding electrochromic color change.
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Figure 11.9 (a) Electrochemical properties of conductive nanosheets. The nanosheet,
patterned with an interdigitated electrodes design, was suspended onto a Teflon ring that
provided electrical contact: left side set as working electrode, right side as counter electrode.
Nanosheet was immersed in a 0.1 M NaCl solution in water and Cyclic voltammograms (CV)
were recorded at different scan rates. Pictures depict the electrochromic behavior of
PEDOT:PSS/PLA patterned nanosheets at each redox state during CV experiment.
Electrochemical switching of wettability on conductive nanosheets surface; (b) variation of
contact angle 6 depending on the redox state of free-standing or supported nanosheets:

(c) side-view of a free-standing PEDOT:PSS/PLA patterned nanosheet showing different
contact angle for drops placed on the reduced or the oxidized portion of the film. (Greco et al.
2013 [50]. Reproduced with permission of American Chemical Society.)

The modulation of the surface energy of the conductive nanosheets depending
on different redox states of PEDOT:PSS was tested by comparing the values of
a contact angle. For both free-standing and supported (i.e., recollected on bulk
polystyrene sheets) nanosheets, higher contact angle § was observed in the case
of the oxidized state than the reduced (Figure 11.9b and c) [50]. The results
were in agreement with a previous similar study on PEDOT:tosylate films [84].
The wettability of the electrochemically active surface such as PEDOT:PSS is
strongly associated with a change in the binding characteristics between dipolar
species (PEDOT main chains) and doping ions (sulfonate ions of PSS). A lower
surface energy (i.e., higher contact angle) of the oxidized surface is attributed to
a greater anchoring between the PEDOT chains and the sulfonate ions of PSS.
In the reduced state, on the contrary, the PSS with sulfonate ions are more easily
exposed on the surface to approach the water droplet, resulting in improvement
of surface energy/wettability.

Therefore, electrochemical redox switching of the patterned conductive
nanosheets was demonstrated by showing the modulation of the surface energy.
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This unique electrochemical property of the conductive nanosheets will be
used as smart biointerfaces for the electrical regulation of cell adhesion and
differentiation.

11.4 Applications of Conductive Nanosheets

11.4.1 Surface Electromyogram (EMG) Recording Using Conductive
Nanosheets

The recent development of wearable electronic devices permits to envision an
unprecedented series of applications as personal monitoring systems in health-
care and sports. For example, by integrating a variety of wearable (on body) sen-
sors and communication systems onto suitable on body platforms, remote health
monitoring systems have been realized. Moreover, given the fact that we are fac-
ing super-aging society, the health maintenance management is demanded for
the promotion of healthy life expectancy, improving the quality of life of elderly
people, reducing the need of hospitalization. In this regard, recently sheet-like
skin-attachable electronic devices have been developed in the field of flexible,
stretchable, and conformable electronics [6—10]. While a variety of technological
strategies and applications have been reported in this research field so far, a com-
mon goal of these developments has been to provide a seamless interface with
the body (usually skin) so that the device can be unperceivable for the user.

As a first demonstration of skin-contact applications of R2R-processed
BG-doped PEDOT:PSS/PDLLA bilayered conducting nanosheets for mon-
itoring human activity and personal healthcare, they were tested as surface
electromyogram (sSEMG) electrodes. As shown in Figure 11.10a, the conductive
nanosheet electrodes adhered to skin were connected to a standard EMG
set-up through planar connectors made up of thin Au-sputtered polyimide films
(12.5 pm thickness); these unperceivable nanosheet electrodes were successful
in recording the electrical muscle activity of a healthy subject. Standard clinical
approved pregelled Ag/AgCl electrodes were also used to obtain a meaningful
comparison with the nanosheets. A stepwise increase of SEMG signal inten-
sity was recorded depending on the increment of the pressure applied by a
hand grasping an analog pressure gauge (Figure 11.10a). After removal of the
nanosheets, no signals were recorded. Notably, the conductive nanosheets
detected SEMG from a healthy subject with as high a signal-to-noise ratio (SNR)
as control pregelled electrodes. This demonstration of the bilayered conductive
nanosheets as ultra-conformable skin-contact electrodes for monitoring of
human activity will open up the future toward not only healthcare applications
but also other attractive fields such as prosthetic limbs and wearable robots.

In order to test the feasibility of the nanosheet technology in this field of appli-
cation in a real-world scenario, we investigated how the electrical properties of
skin-adhered conducting nanosheets are affected in daily life. Firstly, we evalu-
ated the stability of electrical resistance of the nanosheets adhered on flexural
parts of the body (the wrist and the finger) against repetitive cycles of flexion.
The mechanical stress during exercise is probably a main damage source to the
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Figure 11.10 (a) Surface EMG recording of muscle activity on the arm; comparison between
(BG-doped) PEDOT:PSS/PDLLA bilayered conductive nanosheets and standard pregelled
Ag/AgCl electrodes. The signal-to-noise ratio (SNR) of a recorded signal demonstrating similar
performances. (b) Stability of the conductive nanosheet against mechanical stress: normalized
resistance variation (R/R,) of the nanosheet during repeated (160 times) exercise for wrist
contraction/expansion (the nanosheet placed on wrist, flexion +£40°-50° with respect to the
relaxed state). (c) Stability of the conductive nanosheet against sweat: normalized resistance
variation (R/R,) of the nanosheet collected on a silicon-based artificial skin model and
submerged in a bath containing water (circles), artificial sweat—pH 5.5 (squares) and pH 8.0
(triangles). (Zucca et al. 2015 [54]. Reproduced with permission of Royal Society of Chemistry.)

integrity and the function of the nanosheets. The results in the case of the wrist
are summarized in Figure 11.10b. Notably, after 160 cycles of exercise, slight
variations in resistance were observed on the wrist (expansion/contraction on a
40°-50°). In the case of finger contraction (flexion 70°), the resistance increment
was up to 10% after 160 cycles and 20% after 250 cycles. Such incremental resis-
tance can be derived from the formation of small cracks that interrupt the electric
pathways of the conductive nanosheet at its interface with external connectors
(Au-sputtered polyimide films). The mechanical mismatch between ultrathin,
ultra-conformable nanosheets and relatively stiffer and thicker (~10pm) connec-
tors is detrimental for maintaining the structural integrity of electrodes. Indeed,
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the integration of stable and compliant connectors or wires for interfacing with
external electronic devices still poses technological challenges.

A second source of variation/damage is represented by water and sweat. The
electrical stability of the PEDOT:PSS/PDLLA bilayered conductive nanosheets
was evaluated by measuring the electrical resistance versus the immersion time
in MilliQ water (18 MQcm) and artificial sweat solutions with two different pH
states; physiological skin pH (pH 5.5) and particular conditions such as dry skin,
aging, or some pathologies (pH 8.0) [85]. Figure 11.10c shows the normalized
resistance variations of the nanosheet when immersed in each liquid for 180 min.
Immersion in MilliQ water caused a gradual increase of nanosheet resistance, up
to 2.1 times higher than the intact (dry) one (sheet resistance (R,): 150—-200 Q/0)
after 30 min. Then, the resistance became almost constant. In case of acidic artifi-
cial sweat solution, a similar profile was observed; however, the nanosheet resis-
tance continued to increase even after 30 min, reaching a value that is 3.2 times
higher (R,: 500-700 Q/0O0) than the intact one after 180 min. In case of alkaline
sweat, the resistance increase rate was faster than in previous cases. The resis-
tance reached 4.4-fold (R;: 600—900 Q/0O0) at 30 min and 7.4-fold (R;: 1-1.5kQ/0O)
at 180 min, with respect to the intact value.

These results can be rationalized taking into consideration the hygroscopic
and water absorbing properties of PEDOT:PSS nanosheets. A previous research
reported that exposure of a PEDOT:PSS film to water resulted in an increment of
the resistivity [86]. Moreover, according to a previous study on the effect of pH
on the electrical property of PEDOT:PSS films, the increase of pH in a solution in
contact with PEDOT:PSS causes the replacement of H* of sulfonate groups in PSS
with Na*, and changes the local environment around positively charged PEDOT
chains [87]. These results suggested that alkaline components (such as NaOH)
in the artificial sweat solution caused the decrease of the carrier density and the
carrier mobility. Despite the harsh experimental condition, that is, a worse condi-
tion than real human sweating on skin, the conductive nanosheets demonstrated
their structural integrity and still retained their electrical properties (R, < 2kQ / O
even after 180 min immersion in the alkaline sweat). These results strongly sug-
gest that the BG-doped PEDOT:PSS/PDLLA bilayered conductive nanosheets
have a potential to be used in a real-world application in the future.

Finally, envisaging the application in the field of sports science, the stability of
the conductive nanosheets adhered on the skin was evaluated by observing the
morphological changes before and after exercise in hot and humid environment.
After exercise (15min X 4 games of football) under high temperature (26.5°C)
and humidity (71%), a PEDOT:PSS/PDLLA bilayered nanosheet adhered on
the forearm of the subject while the PEDOT:PSS side attached to the skin
stayed adhered without formation of cracks. Moreover, no allergic skin reac-
tions such as inflammation and rash were observed after the removal of the
nanosheet (by rubbing with a wet towel). Therefore, this demonstration proved
not only the mechanical stability and durability against sweating but also a
low skin-sensitizing potential of PEDOT:PSS, which strongly indicated that
the conductive nanosheets are highly expected to be applied toward real-time
monitoring of athletes’” health or performance during a training or a match.
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11.4.2 Humidity Sensors

As previously mentioned, PEDOT:PSS is a water-absorbing material changing
its physical properties, such as volume and electrical resistance, depending upon
the RH of the surrounding air [86, 88—90]. Such properties provide the basic ideas
and applications of PEDOT:PSS nanosheets in humidity-responsive systems, that
is, ultrathin humidity sensors or hydromorphic actuators, both widely investi-
gated by our group [51, 91].

On the other hand, in addition to the fabrication techniques reported above,
we developed an original simple technique for obtaining free-standing mul-
tifunctional PEDOT:PSS/iron oxide NPs nanosheets [51]. The insertion of
iron oxide NPs with ca. 10 nm diameter was expected to increase the surface
roughness of the nanosheets, providing a larger exposed surface than pristine
PEDOT:PSS nanosheets. The fabrication process is simple enough to spin-coat a
stable mixture of NPs colloids and the polymer in a suitable solvent, by maintain-
ing the same processes used for unloaded nanosheets [48]. The incorporation
of magnetic NPs in a nanosheet largely alters the morphology, evidencing NP
clustering phenomenon and the increase of thickness and surface roughness
depending on the amount of NPs embedded in the structure [48, 51]. Despite
this, PEDOT:PSS/iron oxide NPs nanosheets maintain the peculiar properties of
their purely polymeric counterpart, such as manipulability in water, flexibility,
conformability, and good conductivity (Figure 11.11a—e) [51].

In this framework, PEDOT:PSS and PEDOT:PSS/iron oxide NPs nanosheets
were evaluated as ultrathin humidity sensors in the range between 30% and
70% RH, demonstrating that their resistance linearly increased when exposed
to increasing values of RH (Figure 11.11f and g). PEDOT:PSS/iron oxide NPs
composites demonstrated better sensitivity than pristine PEDOT:PSS for both
suspended membranes and nanosheets collected on solid substrates (glass,
polystyrene, or paper stripes with complex surface topography), confirming
that the response was independent from the substrate. The observed sensitivity
enhanced by the composites is ascribable to the nanostructure of the nanosheets,
that is, the insertion of iron oxide NPs largely changed their morphology and
surface roughness [51]. The development of such simple and reliable humidity
sensors with facile transferability onto various substrates including flexible or
stretchable substrates with any given shape and surface texture, can open up the
way toward many different applications such as comfort sensors, safety/security
purposes, and quality assessment of food and pharmaceutical products.

11.4.3 Microactuators

Free-standing PEDOT:PSS nanosheets are particularly appealing for the devel-
opment of new all-polymer bilayer electrochemical microactuators because,
compared to thick actuators, the use of submicron films improves electro-
chemical actuation properties such as velocity, stress output, and so on [24].
Since the volume-change-based actuation is ascribable to the diffusion of ions
and the solvent through the film upon electrochemical redox reactions, thick
films are affected by slow responses and limited performances that restrict the
applicability of conductive polymer actuators.
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Figure 11.11 Pictures of (a) free-standing PEDOT:PSS/iron oxide NPs nanosheet floating in water after release; (b) STEM images showing NPs dispersion within
nanocomposite PEDOT:PSS nanosheet; nanosheet collected onto (c) flexible PDMS and (d) paper. (e) SEM image showing the conformal adhesion of
nanosheet re-collected on paper. (f) Resistance response to relative humidity variation in pure PEDOT:PSS and PEDOT:PSS/iron oxide NPs composite nanofilms
at different NP concentrations (x): x =0 (a); 1 (m); 5 (4) mg mL". (g) Resistance variation (black curve, right vertical axis) of a PEDOT:PSS/iron oxide NPs
nanosheet (5 mg mL™") during humidity step-change experiments (gray curve, left vertical axis) in the range of 30-70% RH. (Taccola et al. 2013 [51].
Reproduced with permission of American Chemical Society.)
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In this framework, we developed free-standing PEDOT:PSS/SU8 bilayer
microactuators patterned in the form of microfingers. The fabrication process,
which consists of a combination of standard microfabrication procedures
such as photolithography and wet etching, is schematically illustrated in
Figure 11.12a [92].

The photoresist SU8 was used at the same time for patterning the PEDOT:PSS
nanosheets by photolithography and as the passive layer in a bilayer configu-
ration (Figure 11.12b). The choice of SU8, that is widely employed as a struc-
tural material in microfabricated devices, is due to a good combination of many
different properties such as biocompatibility, good mechanical properties, ther-
mal and chemical stability, and so on. Microfingers movements, both bending
and curling, were evidenced during electrochemical oxidation/reduction cycles,
demonstrating the reversible actuation capabilities of the PEDOT:PSS microac-
tuators. In particular, a contraction/bending was observed in the oxidized state
and an expansion/straightening in the reduced state (Figure 11.12c). This work
opens up the possibility to realize micrometer-sized soft actuators, which could
be employed for a number of applications in the field of microrobotics as well as
in microsurgery and cell handling.

11.4.4 Tattoo Conductive Nanosheets for Skin-Contact Applications

The developments reviewed so far in this chapter have demonstrated the fea-
sibility of realizing conformable electronic devices, electrodes, sensors, actua-
tors based on free-standing conducting polymer nanosheets. Nevertheless, the
release, manipulation, and transfer of these ultrathin conductive membranes still
impose practical challenges, especially in applications on the human skin or other
biological organs/tissues.

Indeed, while the release of nanosheets from a temporary substrate is quite
easy—supporting layer dissolution while submerging in water for spin-coated,
dry “tape frame” method for R2R nanosheets—having faster and more reliable
methods for their recollection/transfer on target surfaces would be beneficial for
the development of real-world applications. In the quest for cheap, simple, and
mass-scalable technological solutions permitting easy, fast, and reliable transfer
of nanosheets onto skin, an idea to use a novel unconventional substrate was con-
ceived, that is, decal transfer paper (temporary tattoo (TT) paper). The T'T paper
is employed for standard TT stickers for children or fashion: pressing it against
the target skin surface and wetting it with a small amount of water allow to release
and cause adhesion of the tattoo with a printed drawing. The TT paper is available
on the market as paper sheets that can be fed onto inkjet printers. Noteworthy, it
consists of three layers: (i) paper, (ii) starch-dextrin coating (water soluble layer)
and (iii) ethylcellulose (EC) . Wetting the T'T paper with water causes the disso-
lution of starch-dextrin resulting in the release of a submicrometer thick EC film.

Ultra-conformable conductive tattoo nanosheets with submicrometric thick-
ness were fabricated on top of the TT paper by modifying and optimizing
fabrication and patterning processes developed in earlier studies concerning
conducting nanosheets. Conductive nanosheets were prepared by inkjet print-
ing of a conductive polymer PEDOT:PSS. To this aim, a highly conductive
PEDOT:PSS aqueous dispersion optimized for inkjet printing was employed and
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Figure 11.12 (a) Fabrication procedure for PEDOT:PSS/SU8 bilayer microactuators: (i) PEDOT:PSS deposition on PDMS layer; (i) SU-8 deposition and
photolithographic patterning; (iii) wet chemical etching of PEDOT:PSS; (iv) bilayer microactuator peeling off by using temporary PVA support layer; (v)
free-standing PEDOT:PSS/SU8 microactuators released in water. (b) Picture of PEDOT:PSS/SU8 microactuator released in water after PVA dissolution (in inset
the actuator before water immersion supported by PVA layer). (c) Movements of PEDOT:PSS/SU8 microactuators during cyclic voltammetry at different
potentials and oxidation states (from oxidation V =+0.4V to reduction V = —0.8 V). (© 2013 IOP Publishing Ltd.)
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Figure 11.13 (a) Concept of temporary tattoo conductive nanosheet as skin-contact
ultra-conformable electrodes. (b) Comparison of recording of electrical activity of muscles
performed with EMG dry electrodes based on tattoo nanosheets and standard pregelled
Ag/AgCl electrodes. (c) Example of use of EMG dry tattoo electrodes for the control of a
prosthetic limb: multiple movements are correctly reproduced by the robotic hand, by using
four pairs of tattoo electrodes placed on the forearm of the test subject to pick up muscle
activation signals. (Zucca et al. 2015 [52]. Reproduced with permission of John Wiley & Sons.)

used in additive and subtractive deposition techniques. Details about fabrication
can be found elsewhere [52].

The basic conducting tattoo nanosheet is therefore composed of an EC
layer (about 480 nm thickness) and a PEDOT:PSS layer (50-300 nm thickness,
depending on application). Several modifications of the process permit to
obtain multilayer tattoo nanosheets, comprising, for example, a top electrically
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insulating layer or multiple layers of PEDOT:PSS. Tattoo conductive nanosheets
were fully characterized, assessing their good electrical properties, high con-
formability onto the skin even when dry, ultralightweight, and good feasibility of
transfer. Scanning electron microscopy (SEM) images reported in Figure 11.13a
shows conformal adhesion of tattoo nanosheets on the epidermal crests of a
skin replica. Thus, tattoo nanosheets are considered to be a very convenient,
ultra-conformable, and unperceivable skin-contact human—machine interface
for personal physiological monitoring (Figure 11.13b). They were particularly
tested for recording the muscle activity as dry electrodes for sEMG, by compar-
ing their performances with standard pregelled Ag/AgCl electrodes in use in
clinical applications (Figure 11.13b). Tattoo nanosheet electrodes showed similar
results compared with bulky state-of-the-art EMG electrodes, demonstrating
their use as unperceivable bioelectrodes to detect the signal in the spectrum of
the EMG. Moreover, as one of the fascinating uses of EMG is in the control of
prosthetic limbs, we proved the control of multiple movements of a robotic hand
prosthesis by EMG recording from four pairs of nanosheet tattoo electrodes on
a healthy subject arm (Figure 11.13c) [52].

11.5 Concluding Remarks

To summarize, we have reviewed here our investigations on conductive
nanosheets—free-standing ultrathin films based on a conductive polymer
PEDOT:PSS—and their applications envisaging the development of ultracon-
formable electronics. Owing to their ultrathinness, huge size-aspect ratio, and
high flexibility, the conductive nanosheets attain conformal and stable physical
adhesion onto virtually any target surface, as well as unperceivability on skin,
without using any adhesive agents. Firstly, the original concept and technologies
for the preparation of single-layered and bilayered conductive nanosheets via
spin-coating was explained, and R2R gravure-printing process was also intro-
duced taking account of the industrial production of the conductive nanosheets.
In addition, selective patterning of PEDOT:PSS using an inkjet printing tech-
nique permitted to draw circuits onto free-standing nanosheets, opening the way
to advanced applications. Secondly, we have reviewed investigations on the elec-
trical, structural, mechanical, and electrochemical properties of the conductive
nanosheets highlighting their unique characteristics including the distinguishing
properties of polymer nanosheets, namely, high flexibility and physical adhesion.
Notably, functional properties of conductive nanosheets (conductivity, being the
crucial one) are fully retained in the nanosheets when released as free-standing,
as partially supported suspended membrane or recollected onto target surfaces,
thus opening the way to several applications. In fact, we have demonstrated their
use in biomedicine and healthcare by testing conductive nanosheets as unper-
ceivable electrodes attached on human skin for recording bioelectric signals such
as sSEMGQG. Similar applications as electrical interfaces on skin can be foreseen
in the field of personal monitoring for healthcare and sport. In addition to the
skin-contact applications, the conductive nanosheets were successfully tested
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as ultra-conformable sensors in air and electroactive actuators in electrolyte
solutions. Therefore, the integration of the electronic/ionic conductive prop-
erties into the free-standing polymer nanosheets has made them promising
materials for various applications. It is evisaged that conductive nanosheets will
contribute to the future progress of nanobioelectronics as an ultra-conformable
smart interface between biosystems and electronics/robotics.
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12.1 Introduction

Recently, people are becoming increasingly interested in healthcare because
of concerns about their quality of life and longevity. Although the demand for
healthcare is increasing significantly because of a rapid growth of aging popula-
tion, the medical man power, facility, and accessibility are insufficient to allow
unrestricted individual health monitoring on a daily basis. This prompts the
notion of a personal healthcare system for the real-time monitoring of patients
who suffer from chronic diseases, for the training and managing of professional
athletes, and for the public who wish to maintain or raise their fitness levels. In
addition, the monitoring and recording of periodic data from bio-signals such as
heart rate (HR), body temperature, respiratory rate, and secretory pH variations
would allow for earlier diagnosis, and thus, for the possible prevention of severe
diseases.

Personal health monitoring requires portable, miniaturized, and user-friendly
healthcare devices to replace conventional health-monitoring systems, which
are usually bulky, expensive, and have to be operated by medical professionals.
The development of flexible and wearable devices would enable a reduction
in healthcare expenditure and allow professional health monitoring to be
implemented more easily both in hospitals and at home. Wearable devices
are now commercially available in the form of watches, bands, textiles, and
glasses [1-3], which include sensors for detecting activity and vital signs.
However, these devices are still underdeveloped in terms of their rigidity due to
circuit-board/power-supply/storage requirements, their relatively low sensitivity
and reliability due to imperfect skin contact, and their limited functionality for
detecting multiple bio-signals [4—6]. More practical health monitoring requires
more convenient, conformal, and reliable wearable devices to be developed using
mechanically flexible materials modified with micro/nanoscale morphologies
[7-10] and consisting of ultrathin and lightweight components for closer contact
with the body [11-14]. Such devices would improve comfort, reliability, and

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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sensitivity because of the immediate transduction of bio-signals from the body to
sensors. This next generation of wearable health-monitoring devices would also
enable telemedicine [15], self-diagnosis [16] and home healthcare [17] for all.

In this chapter, we focus on flexible sensors for personal health-monitoring
systems that can detect human activity and physiological vital signs. We dis-
cuss the recent work on flexible health-monitoring devices based on organic,
inorganic, and hybrid materials whose structural modification and sensing
mechanism depend on the method of signal transduction. We also discuss non-
invasive or minimally invasive design approaches to highly flexible, wearable, and
body-attachable healthcare devices for different body sites in terms of enhanced
functionalities that can detect and distinguish multiple bio-signals with high
sensitivity. Finally, we consider areas of practical application for such flexible
healthcare sensors and suggest possible future health-monitoring systems.

12.2 Flexible Sensors for Health Monitoring

Monitoring of human bio-signals is an essential part of any daily healthcare
regime. Thus, considerable efforts have been made to develop highly sensitive
flexible sensors for tracking physical activities and physiological vital signs. In
this section, we classify three types of bio-signals: physical, biochemical, and
electrophysiological (Figure 12.1). We also summarize the recent progress in
flexible sensor technology and associated sensing techniques in terms of their
materials and sensor types, with specific signal transduction methods being
matched to individual body sites.

Bio-signals Sensors
Respiration g% *EEG Physical sensors
rate @
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Figure 12.1 Human bio-signals and types of healthcare sensors. Representative bio-signals from

the human body sites (a) and types of healthcare sensors depending on the detection
approaches for physical, biochemical, and electrophysiological vital signs (b).



12.2 Flexible Sensors for Health Monitoring

12.2.1 Detection Approaches for Physical Bio-Signals

The human body has many physical health parameters associated with habit-
ual motion, muscle movement, and changes in body temperature. Here, we
consider advanced technologies for pressure, strain, and temperature sensors
that incorporate high sensitivity and mechanical flexibility for the detection of
human physical bio-signals.

12.2.1.1 Pressure and Strain Sensors for Health Monitoring
In order to detect body movements, various pressure and strain sensors have been
developed in flexible, wearable, and patchable forms with structurally modified
materials and different signal-transduction mechanisms.

Materials Typical pressure and strain sensors are composed of elastomeric
polymers or their hybrid forms by adding active materials to establish both
high flexibility and functionality. Polydimethylsiloxane is a commonly used
elastomer for the active sensing element and a flexible platform for pres-
sure and strain sensors [18]. It is readily available, easily fabricated, and has
excellent properties in terms of mechanical flexibility and stretchability [19,
20], chemical inertness [21, 22], and optical transparency [23]. Other active
materials with suitable functionalities are semiconducting [24, 25] or metallic
nanostructures [8, 26, 27], carbon materials such as carbon nanotubes (CNTs)
[28] and graphene [29], and semiconducting or conducting polymers such as
poly(3-hexylthiophene) [30], polyaniline (PANI) [31], poly(3,4-ethylenedioxy-
thiophene) poly(styrenesulfonate) (PEDOT:PSS), and polypyrrole. Metal and
semiconducting materials are usually considered mechanically stiff, fragile, and
unsuitable for flexible devices despite their outstanding electrical properties.
However, effective structural and geometrical modifications of such materials
can confer sufficient mechanical flexibility [27] and stretchability [12, 13].

Signal transduction Depending on the stress-induced variation in a material’s
electrical properties, its signal-transduction mechanism can be classified as one
of the following [32].

1) Resistivity
Resistive transduction is one of the frequent signal-readout methods due
to its simple working principle to detect the variations of pressure and
strain. The representative mechanism of resistive transduction depends on
the changes of intrinsic electrical properties of materials or the structural-
deformation-induced resistance change. For example, the typical semicon-
ducting CNTs undergo electrical resistance changes due to a deformed band
structure [33]. The electrically conductive CNT composite films exhibit the
stress-induced contact resistance differences [34].

2) Capacitance
Generally, capacitance indicates the stored amount of electric charges
between the dielectric materials and corresponding electrodes under an
applied voltage [32]. Even though capacitance depends on the several
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variables such as dielectric constant of materials, area, and distance of
electrodes, the pressure-induced distance change is properly used for
capacitive-type of pressure and strain sensors [35].
3) Piezo/tribo-electricity

Piezoelectric and triboelectric effects are widely known for energy harvesting
methods, which usually generate a voltage according to the applied pressure
and strain. Firstly, the piezoelectric transduction is achievable through the
piezoelectric materials that enable to form the separated dipoles and the
induced polarization in response to the external force. Thus, the compensat-
ing charges build up in the corresponding electrodes [7, 9, 32, 36]. Similarly,
the triboelectric transduction sensor perceives the dynamic pressure and
motion through the induced polarization from the contact-separation
between the two materials with different triboelectric charges [7, 32, 36].

In order to design pressure and strain sensors for health-monitoring devices, it
is important to select a material based on its signal-transduction method and to
modify its structural dimensions so as to effectively detect the desired bio-signals
at specific body sites, for example, joints, cardiac muscle, and lungs. Here, we dis-
cuss the recent progress in developing pressure and strain sensors for the detec-
tion of the following physical bio-signals: human motion and activity, HR and
blood pressure (BP), and respiration rate.

Motion and activity Tracking human motion and activity is often the simplest
way to detect health problems. Indicators such as an uneven gait or hand tremors
can be critical in diagnosing and preventing chronic diseases. In addition, the
real-time monitoring of body motion and daily activities is useful for physical
therapy, rehabilitation, and athletic training. Thus, pressure and strain sensors
that are fast, directional, and highly sensitive are required. Ultrastretchable and
highly sensitive fiber [28, 37] and fiber-based [38—40] fabric strain sensors have
been suggested as wearable motion sensors. Cheng et al. [37] developed highly
sensitive graphene-based resistive fiber sensors (Figure 12.2a) with a gauge
factor (GF) of 35 (0.2% strain) and a sensing range of up to 100% strain, that were
capable of detecting multiple forms of human motion (Figure 12.2b). Wang et al.
[40] demonstrated highly sensitive resistive strain sensors based on carbonized
silk fabric (Figure 12.2c) with a GF of 37.5 (250-500% strain), a wide sensing
range (<500% strain), and fast response (<70ms) for monitoring vigorous
knee-joint motion (Figure 12.2d). In order to facilitate the precise detection
of subtle human motion, Roh et al. [23] developed a resistive patchable strain
sensor based on CNT composites and conductive elastomers of polyurethane
(PU)-PEDOT:PSS (Figure 12.2e) that can detect minuscule facial movements
as part of recognizing human emotional expressions (Figure 12.2f). Moving
beyond simple planar structures, novel designs of bio-inspired structures have
been proposed to enhance the sensitivity and functionality of pressure and strain
sensors [8, 9, 41, 42]. Kang et al. [8] developed an ultrasensitive crack-based
pressure sensor inspired by the spider’s sensory system (Figure 12.2g) that
can differentiate between high-frequency speech patterns (Figure 12.2h).
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Park et al. [41] developed a directional pressure sensor inspired by the internal
interlocking structure of human skin (Figure 12.2i) that can precisely detect
external stress depending on the force direction (Figure 12.2j).

Heart rate and blood pressure A cardiovascular condition is assessed through
monitoring of the HR and BP. Such vital signs are easily measured in a hospital
environment. However, it is more difficult to monitor them on a continuous,
long-term basis in order to avoid sudden heart attack, stroke, and death.
Therefore, various pressure/strain sensors are used for HR/BP detection in
personal and practical use. The periodic HR and vascular BP can be detected
at various sites around the chest and blood vessels. Analysis of HR/BP patterns
can quantify arterial stiffness for the diagnoses of hypertension and arrhythmia
[43, 44]. To detect minuscule HR/BP signals with a noninvasive or minimally
invasive approach, a fast and highly sensitive pressure sensor is required. Park
et al. [42] demonstrated a flexible ferroelectric skin that can accurately detect
the radial arterial pulse waveform from the systolic, diastolic, and reflected wave
pressures (Figure 12.3a). In addition, they provided a quantitative evaluation
of the pulse wave velocity and arterial stiffness from the augmentation index
of pulse intensity for application in the diagnosis of cardiovascular diseases.
Pang et al. [10] suggested a highly sensitive (~0.58 kPa™!) capacitive microhair
sensor that can detect the deep-lying internal jugular venous pulse (JVP) for the
diagnosis of arrhythmias and pericardial diseases (Figure 12.3b).

Respiration rate Health abnormalities such as asthma, apnea, and chronic
lung diseases are most readily diagnosable via respiration rate [46, 47]. This
can be detected by pressure and strain sensors on the body to measure
thoracic-cavity expansion/contraction [48], trachea movement [45], or expira-
tory/inspiratory breathing phases [34]. Hwang et al. [45] developed a highly
sensitive (GF=12.26 at 2% strain) resistive patchable strain sensor that can
detect inhalation/exhalation via trachea muscle movement (Figure 12.3c).
Boland et al. [48] proposed resistive strain sensors based on graphene/rubber
composites that have high tolerance (GF = 35 for >800% strain) and exceptionally
high strain-rate detectability for subtle human breathing motions.

From the above discussion, it is clear that significant efforts have gone into
developing high-performance pressure/strain sensors that are fast, highly
sensitive, and have superior mechanical properties for the detection of physical
bio-signals. However, the challenge remains for differentiating between the
bio-signals themselves and simultaneous motion artifacts such as gestures,
walking, and speaking.

12.2.1.2 Temperature Sensors for Health Monitoring

Human body temperature varies subtly within a narrow (~1°C) range [49],
but is nevertheless a crucial indicator of activity level, emotion, and illness.
While the normal body temperature of a healthy person is almost constant
within 36.5-37.5 °C, a person suffering from hypothermia or fever shows a more
irregular temperature variation [50, 51]. Thus, high-resolution and ultrasensitive
temperature sensors are required. Furthermore, anatomical body temperatures
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Figure 12.3 Detection of physical vital signs with pressure and strain sensors. (a) Schematic illustration for detection of blood pressure with fingertip
skin-inspired ferroelectric skins and the detection of artery pulse pressure (i) and variation in pulse waveforms before and after exercise (ii). (Reproduced from
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based on patchable strain sensors with perception of muscle movement of trachea and esophagus. (Hwang et al. 2015 [45]. Reproduced with permission of
American Chemical Society.)
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vary internally and externally [52, 53]. For example, the typical temperatures
inside the ear and on the wrist are approximately 37 and 32 °C, respectively
[54]. Because environmental factors affect the body’s exterior more than the
internal organs, noninvasive wearable temperature sensors are required to have
anatomically specific temperature detection ranges.

Flexible temperature sensors for wearable and body-attachable applications
are widely studied in terms of thermistors [55, 56], thermocouples [57], the
thermoelectric effect [58], and optical approaches [59]. Thermistors, which
detect temperature variations through changes in electrical resistance, come in
two types: positive temperature coefficient (PTC) for increased resistance with
increasing temperature [56, 60] and negative temperature coeflicient (NTC) for
decreased resistance with increasing temperature [61, 62]. Yokota et al. [56]
developed a temperature sensor based on PTC-type polymer composites that
has high resolution (<0.1°C) for 30-50°C, fast response time (<100 ms), and
good repeatability (Figure 12.4a). Trung et al. [61] developed a body-attachable
temperature sensor (30-80°C) based on NTC-type reduced graphene oxide
(rGO)-PU composites that has a sensitivity of 1.34% per °C and excellent
stability after 10 000 stretch cycles (Figure 12.4b). The thermoelectric effect—the
conversion of temperature difference into electrical voltage [63, 64]—can be
used for both temperature detection and self-powered sensors [58]. Zhang
et al. [58] developed a highly stable thermoelectric temperature sensor based
on PEDOT:PSS-porous PU with a high resolution (<0.1°C) for 25-75°C and
a negligible environmental-temperature-dependent Seebeck coefficient for
0-100 °C (Figure 12.4c).

A more practical use of temperature sensors is the spatio-temporal imaging
of body temperature using commercially well-established infrared (IR) camera
technology. However, current IR cameras are typically rigid, bulky, and expensive,
and therefore, unsuitable for wearable and body-attachable applications. There-
fore, the development of flexible visual temperature sensors based on optical
approaches has also been attempted. Gao et al. [59] proposed a flexible temper-
ature sensor based on thermochromic liquid crystals with £50 mK precision in
the body-temperature range (32-39 °C). When applied to the human wrist, this
produces a spatially high-resolution temperature-distribution image, which can
be used to detect occlusions (Figure 12.4d).

12.2.2 Detection Approaches for Biochemical Signals

The human body is composed of various chemical elements, which maintain its
compositional balance due to homeostasis and are metabolized biochemically
to activate living organs and muscles. Therefore, any imbalance in the chemical
composition or unusual internal/external biochemical signals is an indicator of
body condition and potential illness. Although there are the same practical and
economic motivations for flexible and wearable chemical sensors as for the types
already discussed, research on chemical sensors is not as well developed as it is
for physical ones.

A personal healthcare sensor that can monitor biochemical signals would
greatly assist in disease diagnosis and monitoring. For example, monitoring
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Nature Publishing Group.)
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glucose levels and the volatile organic chemicals (VOCs) [65, 66] in breath,
perspiration, and tears can detect diabetes and cancer in relatively early stages.
We now introduce the various biochemical signals that are indicative of human
diseases and discuss the recently developed flexible chemical sensors for their
detection.

12.2.2.1 Flexible pH Sensors

Human bodily fluids are important for processes such as digestion, lubrication,
and protection. Given that bodily acidity levels are also critical to the activation
of functional fluids, pH levels are carefully controlled at specific anatomical sites.
For example, a pH level of 1.0-3.5 persists in the stomach to activate gastric
secretion, whereas the heart, liver, brain, and skeletal muscles are pH neutral.
Therefore, pH monitoring is important for distinguishing between normal and
abnormal health.

Recently, various researchers have considered flexible pH sensors involving the
integration of nanomaterials such as PANI [67], graphene [68, 69], and metal
oxide [70-72] on flexible substrates. Such sensors mainly use an electrochemi-
cal technique (similar to that of commercial pH meters) to measure bodily pH
variations. Liu et al. [73] reported a flexible transistor based on indium-zinc
oxide (IZO) for a highly sensitive (~105 mV/pH), fast (~5 ms), and low-power
(15.6—-103 pJ/spike for pH 10—4) pH sensor (Figure 12.5a). In their approach, a
pH buffer solution on a nanogranular SiO, electrolyte film acted as a sensing
gate, resulting in changes in the IZO FET source—drain current with the buffer pH
level. Note that modulating the biases of the sensing (G1) and control (G2) gates
enhances the pH sensitivity. The enhanced sensitivity is related to the amplified
capacitive coupling factors between the two gates in the IZO-based transistor.
The high sensitivity and low power consumption of this miniaturized pH sensor
facilitates an implantable sensory system, leading to potential wearable applica-
tions.

Bandodkar et al. [67] suggested a tattoo-based epidermal pH monitoring
platform using PANI as an ion-selective electrode (Figure 12.5b). PANI is a
widely used conducting polymer that has an advantageous pH-sensitive elec-
trical conductivity based on a reversible transition of emeraldine salt and base.
The tattoo sensor maintained an acceptably constant potential difference and
responded nearly instantaneously to pH 3-7 variations. Furthermore, it showed
a well-maintained pH response even after the degree of mechanical deformation
(180° bending and 10% stretching) associated with skin surface during exercise.

In terms of practical applications of flexible pH sensors, such as monitoring of
wound healing and real-time measurement of perspiration, there have been var-
ious efforts to develop a visual flexible pH meter whose color changes with pH.
Tamayol et al. [74] created an epidermal colorimetric pH sensor based on bio-
compatible hydrogel microfibers loaded with pH-responsive beads (Figure 12.5c¢).
This sensor showed a distinct color change from dark red (basic pH 8.2) to
yellow (acidic, pH 6.2) corresponding to the pH variation in human skin (pH
4-9). In addition, a biocompatible hydrogel-based flexible pH sensor would be
suitable for skin-attachable applications because of its high porosity and oxygen
permeability.
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12.2 Flexible Sensors for Health Monitoring

12.2.2.2 Flexible Blood Sugar Sensors

Diabetes is a serious disease globally that threatens the health of hundreds
of millions of people. Its main symptom is an inveterately raised blood sugar
(glucose) level that can induce severe complications such as nervous disorders,
coronary artery disease, stroke, and peripheral vascular diseases. Therefore,
the self-monitoring of blood sugar is essential for adequate management of the
disease. Currently, this is generally done with portable finger-prick blood testers.
Although these provide accurate glucose data, it is an inconvenient, painful,
and invasive method that is unsuitable for continuous monitoring. Therefore,
various researchers have tried to create a highly sensitive, convenient, real-time
sensor in flexible form.

One noninvasive approach is to detect glucose levels from perspiration or tears.
However, as these secretions have much lower glucose levels than that of blood,
this type of noninvasive platform requires greater sensitivity. Recently, Bandod-
kar et al. [75] demonstrated a flexible tattoo-based glucose sensor for epider-
mal diagnosis (Figure 12.6a). Interstitial skin fluid (including glucose) was first
extracted by reverse iontophoresis using a mild current. Glucose levels were then
electrochemically analyzed using the current generated by an enzymatic glucose
reaction. In this way, they successfully monitored glucose levels before/after eat-
ing with an on-body version of the sensor. Rim et al. [70] developed a conformal
biosensing platform with ultrathin (~3.5 nm) indium oxide (In,O,)-based FETs
on a thin polyimide substrate (Figure 12.6b). They created a highly sensitive glu-
cose sensor by chemical modification with functional groups (glucose oxidase
with a glutaraldehyde linker) on the surface of an In,O, channel. In principle,
D-glucose is oxidized by an enzymatic reaction with glucose oxidase, resulting in
a pH variation followed by proton production. Such highly sensitive and adhe-
sive conformal glucose sensors can be used for skin-attachable applications or a
lens-type sensor for glucose sensing from tears [76, 77].

12.2.2.3 Flexible Pulse Oximeters

Oxygen is an essential component for health, being directly related to
metabolism. The cells and tissues that make up the skin, muscles, bones,
and other organs in the human body age and die without sufficient oxygen,
resulting in various disorders. Nowadays, many people suffer from oxygen
deficiency due to external factors such as environmental pollution, stress, lack
of exercise, and smoking. Therefore, the analysis of blood oxygen concentration
is important for disease prevention.

Recently, portable, noninvasive, and flexible oximeters have been developed for
the personal monitoring of oxygen concentration. Optical approaches are gener-
ally used to measure how much hemoglobin is oxygenated in the blood. Because
oxy- and deoxy-hemoglobin have different absorption properties at red/green
wavelengths (Figure 12.7a,b) [78, 79], oximeters typically comprise light-emitting
diodes (LEDs) and photodetectors (PDs). There have been some trials to inte-
grate flexible polymer-based LEDs and PDs in oximeters for reasons of flexi-
bility, large-area scalability, and low-cost fabrication [78, 80, 81]. Lochner et al.
[78] proposed a pulse oximeter that combines red/green organic light-emitting
diodes (OLEDs) and an organic photodetector (OPD). The idea was for red/green
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OLED:s to reflect light on the surface of a fingertip and for the OPD to collect it
to calculate the amount of oxy-hemoglobin (Figure 12.7¢c). The pulsating photo-
plethysmogram (PPG) signal was measured by using red/green OLEDs and OPD,
which could be possible to detect one’s HR and the saturation level of arterial
blood oxygen (Figure 12.7d). This all-organic oximeter was <2% accurate com-
pared with a commercial inorganic oxygen sensing system. Lately, Yokota et al.
[80] developed an ultraflexible and conformable optoelectronic skin for oxygen
monitoring. This skin was prepared by integrating polymer light-emitting diodes
(PLEDs) and OPDs onto a few-microns-thick highly flexible parylene substrate.
Once the OPD detected the reflected light from the finger, the distinguishable
optical signals (oxy/deoxy-hemoglobin) could be measured with 99% and 90%
oxygenated blood, respectively. Furthermore, they achieved high repeatability
and air stability by capping the device with a passivation layer.

12.2.2.4 Other Flexible Chemical Sensors to Detect Volatile Organic

Compounds

The analysis of VOCs from urine, skin, blood, and exhaled breath has attracted
much attention as another simple and noninvasive approach for early diagno-
sis of serious diseases such as cancer and diabetes. In particular, exhaled breath
includes various VOCs that are useful for monitoring health. Halitosis sufferers
and diabetic patients exhibit much higher concentrations of hydrogen sulfide and
acetone in their breath than do healthy people [82, 83]. Therefore, various flexible
gas sensors have been suggested for real-time monitoring of VOCs in wearable
and patchable platforms.

There are two important parameters to assess the performance of gas
sensors for breath analysis. First, such sensors should be sensitive to below
part-per-million (ppm) levels because the VOC concentration in human breath
ranges from ppm to part-per-trillion (ppt). Therefore, many research groups
have studied highly sensitive gas sensors based on functionalized nanomaterials
that provide large surface areas by control of their variable structures and
morphologies, allowing the material properties to be easily tuned by surface
functionalization. Xing et al. [84] presented a highly sensitive gas sensor based
on hybrid In,O;/Au nanorods that can detect 0.1 ppm of acetone and 0.05 ppm
of ethanol. The reduced amount of acetone or ethanol gas induced the transfer
of electrons from the reactive oxygen ions at the surface to the In,Os;/Au
nanorods. Thus, the resistance of In,0;-/Au-based gas sensor decreased with
the thinning of depletion layer, which enabled the detection of gas molecules.
The one-dimensional (1D) nanorods enabled high gas accessibility owing to their
large surface area, resulting in high gas sensitivity (Figure 12.8a). In addition,
they confirmed significant differences in the acetone/ethanol levels between
healthy and atypical individuals who were either intoxicated or suffered from
diabetes. Similarly, Kim et al. [85] reported a two-dimensional (2D) MoS,-based
chemiresistive gas sensor that was highly susceptible to VOCs including ethanol,
propionaldehyde (propanal), acetone, toluene, and hexane (Figure 12.8b). In
addition to its excellent sensing performance, they proposed tunable sensing
by surface functionalization of MoS, treated with thiolated ligand conjugation.
The ligand differentiated the electrical responses of the gas sensor according to
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the type of VOC. For example, oxygen-functionalized VOCs such as ethanol,
propanal, and acetone showed different responsive behaviors to those of organic
compounds of toluene and hexane.

The second important requirement of gas sensors is a high selectivity for each
VOC because these generally exhibit in a mixed state. Although there have been
various attempts to enhance the selectivity of gas sensors for targeted VOCs [87],
it is difficult to achieve a perfectly selective sensor that can distinguish between
several hundred VOC:s. Instead, Kahn et al. [86] suggested multiple arrays of
chemiresistive gas sensors based on surface-modified Au nanoparticles (AuNPs)
on a flexible substrate. In essence, the surface of the AuNPs was functionalized
with five thiol ligands, resulting in a selective gas sensor with different responsive
behaviors according to the different types of VOC (Figure 12.8c). Even though
each individual gas sensor was not sufficiently selective, the gas-sensing arrays
with various responsive features provided more reliable results for breath diagno-
sis through their complementary analyses. Therefore, they successfully discrimi-
nated between an ovarian cancer group and a control group via breath analysis.

12.2.3 Detection Approaches for Electrophysiological Signals

In addition to the physical and chemical bio-signals that have already been
discussed, electrophysiological signals from the human body also contain useful
information about various organs, for example, electrocardiograms (ECGs)
[88-91], electroencephalography (EEG) [92, 93], electromyography (EMG) [94,
95], and electrooculography (EOG) [96]. When muscles contract for some func-
tional purpose, electrical depolarization signals are transmitted to the skin. Thus,
a wearable and skin-attachable electrode system enables the detection of the
electrical potential changes from the skin, and thus, the possible early diagnosis
of disorders. Because of its noninvasive and simple process, electrophysiological
examination is frequently used even in hospitals.

Above all, ECG is a widely used technique for assessing the cardiovascular
system. An ECG signal comprising specific peak points (P, Q, R, S, and T) of
different peak intensities, regular intervals, shape, and periodicity provides cru-
cial data about heart condition. Similarly, EEG signals are analyzed to moni-
tor and record brain activity. Xu et al. [88] fabricated a flexible and stretchable
microfluidic device by integrating sensors, a circuit, and a wireless system onto
an elastomeric substrate. By mounting such devices on the sternum and forehead,
ECG and EEG signals, respectively, were clearly measured. For a long-term mon-
itoring of ECG, Takamatsu et al. [89] developed a smart textile patterned with
PEDOT:PSS electrodes, which had a low impedance contact with the human skin
(Figure 12.9a). The biocompatible textile ECG sensors recorded and monitored
accurate ECG signals over 3 days. Further to single-point detection, Viventi et al.
[92] successfully mapped neural activity by using flexible and high-resolution
multiplexed electrode arrays (Figure 12.9b). They implanted flexible electrode
arrays on the cortical surfaces of cats and visualized real-time brain activity in
vivo, including sleep spindles and electrographic seizures.

In addition, considerable attention has been given to the analysis of EMG and
impedance because of the growing interest in fitness. In particular, EMG signals
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impedance map image on a 5-mm convex surface. (Khan et al. 2016 [97]. Reproduced with permission of John Wiley & Sons.)
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represent the movement of skeletal muscles and human gestures, and thus, have
huge potential in applications for rehabilitation, human—machine interfaces, and
robotics. As a result, various global companies have developed wearable fitness
devices. InBody Co., Ltd., is a representative company in the commercial field of
body composition analysis based on bioelectrical impedance. Their analysis tech-
nique provides quantitative information about the wearer’s hydration, proteins,
minerals, and body fat. Khan et al. [97] recently reported a flexible bioelectronic
interface based on inkjet-printed Au electrode arrays (Figure 12.9¢c). The pro-
posed devices were specially designed with flexure cuts that enabled clear map-
ping of electrical impedance on 2D surfaces regardless of the mechanical bending
state.

12.3 Multifunctional Flexible Sensors for Multiple
Bio-Signals

Until now, we have discussed various forms of physical, biochemical, and elec-
trophysiological bio-signals from the human body and their specific detection
approaches with mono-, bi-, or tri-functionalities. In general, the human body
shows not single but multiple bio-signals, even in a specific area of the body.
For example, a runner experiences an increased pulse and temperature and a
rapid reduction in glucose levels simultaneously in almost every part of her/his
body. Therefore, future personal healthcare sensors should exist in a single
system that can detect multiple bio-signals. Some leading research groups
have demonstrated advanced wearable healthcare sensors with multifunctional
sensing abilities [98—104]. From a technical viewpoint, multifunctional sensing
devices require sophisticated techniques to integrate diverse sensors and to
design multiple sensing modes in a single system. The state-of-the-art technol-
ogy in multifunctional flexible sensors has the advantages of high accessibility
and usability for consumers, as well as allowing more reliable self-diagnoses of
diseases via complementary analysis of multiple bio-signals.

Choi et al. [98] suggested a skin-attachable multifunctional medical sensor
(Figure 12.10a) that can monitor almost every type of vital sign, such as physical
muscle movements, pulse, temperature, and respiration, as well as electrophysio-
logical behavior from an ECG sensor (Figure 12.10b). In particular, a smart patch
with ultralow modulus (~108 kPa) was inspired by a cephalopod’s suction cups,
resulting in a significant improvement in skin adhesion for practical applications.
This multifunctional patch was also combined with a commercial smart band
that provided wireless transmission of recorded vital signs to mediate the remote
control of a drug injection.

In addition, Gao et al. [99] developed multiplexed perspiration sensor arrays
by integrating electrochemical sensors for the likes of glucose, lactate, sodium,
and potassium with resistive temperature sensors on a flexible printed circuit
board (FPCB) (Figure 12.10c). The five electrochemical and temperature sensors
integrated on the FPCB had sufficient sensitivities to detect human perspiration
signals (<200 pM of glucose, <30 pM of lactate, 10-160 mM of Na*, 1-32 mM
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12.4 Practical Applications of Flexible Health-Monitoring Devices

of K*, and temperatures of 20—40 °C with high selectivity (Figure 12.10d). More-
over, they fabricated smart wrist- and head-bands for real-time monitoring and
perspiration analysis. These multifunctional smart bands successfully monitored
on-body real-time perspiration during cycling (Figure 12.10e) and running by
using wireless communication with mobile devices.

12.4 Practical Applications of Flexible
Health-Monitoring Devices

Ready-fabricated flexible healthcare sensors can be used in several applica-
tion fields to improve both wellness and usability. Body-wearable/attachable
health-monitoring devices have already been developed [105] and have been
studied actively with human—machine interface systems to create more inter-
active healthcare devices [106—108]. Sports/fitness coaching, rehabilitation and
prosthetics, wound therapy, and medical diagnosis are the various application
fields that introduce promising and practical uses of flexible health-monitoring
devices .

12.4.1 Sports and Fitness

Body-wearable and skin-attachable sensors in accessories, textile or epidermal
electronics can be used for athletic training or the general improvement of fit-
ness [109, 110]. The accessory-type of motion sensors, such as the smart band,
ring, watch, textiles, and glasses, has already been commercialized in this appli-
cation field [111]. In terms of research, more effective and comfortable forms
of pressure and strain sensors combined with textiles enable the monitoring of
daily activities during stretching, walking, running, sprinting, and cooling down
(Figure 12.11a) [38]. Self-powered textiles integrated with super-capacitors can
even supply power to operate the sensors without the need for an external power
source. Thus, human interactive and independent healthcare sensors for fitness
applications would be beneficial to the public as well as for professional athletes.
In addition, Figure 12.11b shows tattoo biosensors that have electrochemical lac-
tate sensors, which were developed with the aim of assessing the physical per-
formance for an athlete [110]. The epidermal lactate sensors with noninvasive
manner provide useful information about the dynamics of sweat lactate produc-
tion during physical activity/exercise, thereby having considerable prospect for
sports and healthcare application.

12.4.2 Prosthetics and Rehabilitation

The development of tactile/motion sensors has shown progess in areas such as
touch screens, robotics, prosthetics, and medical rehabilitation. In particular,
many of the current bulky and uncomfortable fitted prosthetic devices can be
replaced with smaller wearable ones. A tactile-sensitive prosthesis resembling
human skin can be used to create artificial limbs that move freely and appro-
priately under the control of the human nervous system via tactile sensors.
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Figure 12.11 Practical applications of health-monitoring devices. (a) Fabric-based wearable activity monitors for fitness applications. (Jung et al. 2014 [38].
Reproduced with permission of John Wiley & Sons.) (b) Electrochemical tattoo biosensors for noninvasive lactate sensing during exercise. (Jia et al. 2013 [110].
Reproduced with permission of American Chemical Society.) (c) Skin prosthesis mimicking the role of human sensory receptors. (Kim et al. 2014 [103].
Reproduced with permission of Nature Publishing Group.) (d) Wearable multi-sensor system for physical rehabilitation of patients. (Reproduced from Ref. [112]
with permission; Copyright 2013, Multidisciplinary Digital Publishing Institute.) (e) Photograph and 2D luminescence image of pH level of chronic wound.
(Reproduced from Ref. [113] with permission; Copyright 2011, National Academy of Sciences.) (f) Bandage-type impedance sensor for early diagnosis of
pressure ulcers. (Swisher et al. 2015 [114]. Reproduced with permission of Nature Publishing Group.) (g) Potential application of diagnosis and treatment for
diabetic patients by monitoring the pressure location of their foot. (Cavanagh et al. 2005 [115]. Reproduced with permission of Elsevier; Pataky et al. 2005
[116]. Reproduced with permission of John Wiley & Sons.) (h) Early diagnosis of Parkinson’s disease showing symptoms of shaking wrists and uneven gait.
(Guan et al. 2016 [117]. Reproduced with permission of John Wiley & Sons.)



12.4 Practical Applications of Flexible Health-Monitoring Devices

Figure 12.11c shows a skin prosthesis composed of ultrathin silicon nanoribbon
sensors for strain, pressure, temperature, and humidity, representing the multi-
functional sensing properties of human skin [103]. This skin prosthesis allows
the wearer to feel various external stimuli by stimulating the corresponding
peripheral nervous system through a low-impedance multi-electrode array.
The field of rehabilitation is generally concerned with long-term care under
the supervision of physical therapists; hence, portable and wearable healthcare
devices are required [112, 118, 119]. Even though a physical therapist can profes-
sionally assess and evaluate a patient’s posture, accurate decisions often require
more than a visual assessment. In addition, it is often difficult or even impossible
for a patient to attend continuous and long-term hospital/clinic-based moni-
toring. Therefore, as shown in Figure 12.11d, for the rehabilitation of patients
suffering from a severe injury, one approach is to have a wearable multisensor
system integrated with accelerometers and wireless communications to provide
real-time monitoring and analysis of the bodily movements with an objective
feedback [112].

12.4.3 Wound Therapy

There are many external factors that affect a wound healing process, including
pressure, temperature, pH, moisture, and oxygen concentration. For example,
the tracking of skin pH levels enables the healing status of a wound to be esti-
mated. The wounded area has a more alkaline pH level to protect it from infec-
tion, whereas the normal state of skin is slightly acidic (pH 4—6). Therefore, the
pH level around the wound changes from alkaline to acidic during the healing
process. Oxygen also plays an important role in wound healing, such as NADPH
oxidases and oxidative phosphorylation [120].

Therefore, noninvasive and body-attachable pH sensors or oximeters can be
utilized to confirm the status of a wound in order to prevent chronic illness.
Schreml et al. [121, 122] suggested 2D luminescence imaging of pH level and
wound oxygenation as tools to monitor wound healing status (Figure 12.11e).
Their approach of luminescence-based optical imaging enabled noninvasive and
bio-compatible detection of pH level and oxygenation on the wounded area. Fur-
thermore, Kassal et al. [113] developed a bandage-type electrochemical sensor
to detect uric acid. This smart bandage was enabled with wireless communica-
tion to transmit the uric acid level of a wound to the patient’s mobile devices,
thus allowing for personal wound care. In addition to monitoring the status of a
wound, Swisher et al. [114] developed a smart bandage based on an impedance
sensor that enabled early diagnosis of pressure ulcers (Figure 12.11f).

12.4.4 Telemedicine and Self-Diagnosis of Disease

Reliable and highly sensitive healthcare sensors can be used in telemedicine
and the self-diagnosis of diseases for early detection and increased convenience
[15, 123]. In particular, sufferers of chronic diseases such as asthma, cancer,
Parkinson’s disease (PD), and diabetes would benefit from the continuous
monitoring of their disease progression by personal healthcare devices in order
to prevent severe complications [17]. For example, patients who suffer from
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diabetes are usually also affected by foot ulcers caused by acute mechanical
and thermal trauma due to the repetitive concentration of mechanical stress
in their feet (Figure 12.11g) [115, 116]. In addition, the increasingly common
neurodegenerative PD can be detected at an early stage by monitoring shaking
hands or an uneven gait. As shown in Figure 12.11h, highly sensitive fiber-based
strain sensors can recognize the muscle movement driven by the shaking of the
human wrist, which is a common symptom of PD [117].

12.5 Conclusions and Future Perspective

In this chapter, we investigated the recent progress in flexible healthcare sensors
for human bio-signals such as motion and activity; the physical vital signs of HR,
BP, respiration rate, and body temperature changes; biochemical signals for mon-
itoring bodily pH variations, blood sugar level, and other chemicals indicating
health conditions; and electrophysiological signals from the various organs. For
the development of comfortable and user-friendly health-monitoring devices,
miniaturized, body-wearable, and skin-attachable sensors were suggested with
novel structural and geometrical modification of the constituent materials and
device-fabrication techniques. In addition, the high performance of multifunc-
tional sensors was demonstrated through the detection of multiple bio-signals
for various practical applications.

Despite rapid and significant progress in flexible healthcare sensors, there
are still certain challenges and limitations to using them in real life. First,
the precise detection of desired signals is problematic due to the difficulty
of differentiating them from other physiological signs, motion artifacts, and
numerous variables in the surrounding environment. Therefore, highly selective
and reliable sensors that are capable of removing signal cross-talk must be
established for future healthcare devices. In addition, the realization of totally
flexible and skin-mountable healthcare devices is limited by indispensable
electronic components such as electrodes, circuit boards, energy storage, and
communication modules that are usually rigid, take up space, and degrade
flexibility and stretchability. Thus, the integration of flexible sensors and energy
storage devices with innovative designs for stretchable interconnections and
circuit systems need to be developed for realistic applications. Better connection
and packaging technologies for sensors, power supplies, data acquisition units,
and user-interactive communication systems will facilitate remote manage-
ment, continuous long-term recording, and real-time monitoring for future
health-monitoring devices.
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Stretchable Health Monitoring Devices/Sensors
Xian Huang

Department of Biomedical Engineering, School of Precision Instrument and Optoelectronic Engineering,
Tianjin University, China

13.1 Introduction

Stretchable devices made of elastic materials or structures can be deformed in
response to stress without interfering with their normal functions. The devices
are typically based on thin laminar that adapts to the mechanics of its host and
offers a range of unique properties such as conformal coating, spontaneous
adhesion, and adaptive deformation. Stretchable electronic devices have been
demonstrated in soft robotics [1-4], consumer electronics [5-7], and biomimic
electronics [8—10] with more prominent applications lying in the field of health
monitoring, which requires direct interaction with soft and curvilinear human
bodies. Stretchable devices can adapt to the mechanics of human bodies and
offer maximized compliance to skin and organs, leading to improved comfort
and reduced restriction to the daily activities of wearers. Additional features of
stretchable devices that outweigh traditional devices based on rigid substrates
and packages include intimate contact to the test subjects, fixed measurement
positions, and coverage of large curved surface. This chapter introduces impor-
tant aspects (e.g., materials, structures, formats, and applications) of stretchable
health monitoring devices, followed by a brief discussion on the future trends in
stretchable health monitoring devices.

13.2 Materials for Stretchable Health Monitoring
Devices

Stretchable health monitoring devices are composed of materials that are either
intrinsically stretchable as raw materials such as elastomers, liquid metals, and
conductive polymers, or are not stretchable in their bulky formats but designed
into special structures that comply with stress. These materials are combined
to yield stretchable devices that can be used in health monitoring. Additional
requirements for these materials include biocompatibility that allows them to be
integrated with human bodies safely and capability to be mass fabricated using
techniques such as CMOS and surface micromachining.

Flexible and Stretchable Medical Devices, First Edition. Edited by Kuniharu Takei.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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13.2.1 Physically Soft and Stretchable Materials

Elastomers are the fundamental materials in stretchable devices, and are mostly
used as substrates, binders, adhesion layers, and structural materials. Elastomers
are referred to as belonging to a wide range of viscoelastic polymers, which are
weak in intermolecular forces and available in different compositions with varied
stretchability. Elastomers are low in Young’s modulus (from 1 to 150 MPa) [11,
12] and high in failure strain (from 30% to 1000%) [13, 14] (Figure 13.1a), making
them ideal materials to construct stretchable devices with minimized constrain
to human skin and maximized compliance to human motion.

Liquid metals are intrinsically elastic, and are used as alternatives to conven-
tional metals. Popular liquid metals include eutectic gallium-indium (eGaln)
and gallium-indium-tin (Galinstan), which are low in toxicity and resistivity
(~2.9x 1077 Q m) [23]. Their melting points are 15.5 °C [24] (wt. 75% Ga and wt.
25% In) and —19°C [25] (wt. 68.5% Ga, 21.5% In, and 10.0% Sn), respectively,
resulting in their liquid states at room temperature. These liquid metals can be
injected into microfluidic channels due to their low viscosity (~2x 1073 Pas),
forming functional components such as pressure sensor [26—28], strain sensors
[29, 30], antennas [31, 32], soft wires [33], and keyboard [34]. Devices made
of liquid metals can withstand deformation of the microchannels at very high
strain (up to 800%) [35] (Figure 13.1b).

Conductive polymers can be realized using polymers mixed with con-
ductive fillers [15] (Figure 13.1c) or using intrinsically conducting polymers
(ICPs)[16] (Figure 13.1d). The first case results in composites with fillers
(e.g., metal nanoparticles, metal nanowires, graphite, carbon nanotubes, and
graphene) that are tightly packed to their percolation threshold in polymers.
Intrinsically conducting polymers are achieved by conjugation of polymer
backbone, forming high-energy orbitals with loosely bonded electronics
to corresponding atoms. ICPs are represented by synthetic poly(acetylene)
(PA), poly(pyrrole) (PPy), poly(thiophene) (PT), poly(aniline) (PANI), and
poly-(3,4-ethylenedioxythiophene) (PEDOT). Conductive polymers are subject
to the influence of strain, which may lead to increased resistivity with strain.
Conductivity of more than 10Scm™! under a strain of more than 100% has
been achieved using single-wall carbon nanotube (SWNT) bundles as fillers
in a fluorinated copolymer [36]. Improved conductivity can be achieved using
composited fillers containing silver flakes and multi-wall carbonnanotubes
(MW CTs), leading to conductivity of 5710 Scm™ at 0% strain and 20 Scm™" at
140% strain [37]. Large conductivity (o ~2200S cm™) even under large strain
(100% strain) has been demonstrated by Park et al. [14] using electrospun
poly (styrene-block-butadiene-block-styrene) (SBS) rubber fibers that contain
percolated silver nanoparticles.

13.2.2 Unique Stretchable Structures

Materials such as solid metals, semiconductors, and fibers are not stretchable
as raw materials. However, unique designing of these materials yields stretchable
structures that work together with intrinsically stretchable materials to construct
stretchable devices.
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4 Contact pad Conductive Glued
yarn connection

Figure 13.1 Representative materials and structures used in stretchable electronic devices for
health monitoring. (a) A highly stretchable elastomer membrane, (Park 2012 [14]. Reproduced
with permission of Nature Publishing Group.). (b) A liquid metal pattern in an elastomer
membrane, (Bartlett 2016 [13]. Reproduced with permission of John Wiley & Sons.). (c) A
electrode made of a silver-filled conductive polymer, (Hyun 2011 [15]. Reproduced with
permission of John Wiley & Sons.). (d) A conductive PEDOT:PSS membrane, (Vosgueritchian
2012 [16]. Reproduced with permission of John Wiley & Sons.). (e) A serpentine electrode
conformably covered on skin replica, (Yeo 2013 [17]. Reproduced with permission of John
Wiley & Sons.) (f) A cardiac sock with fractal interconnects between electrodes. (Xu 2015 [18].
Reproduced with permission of John Wiley & Sons.) (g) A prestrained interconnect that works
as bridges to connect functional components on the island together. (Reprinted with
permission from Ref. [19] Copyright 2008 National Academy of Sciences.) (h)
Aprestrainedsilicon nanoribbon whose strain is released to form bulking structures. (Sun 2006
[20]. Reproduced with permission of Nature Publishing Group.) (i) A conductive fabric made by
dipping the fabric into SWNT ink. (Hu et al. 2010 [21]. With permission from the American
Chemical Society.) (j) Woven fibers that contain electrodes and metal wires (Cherenack 2010
[22]. Reproduced with permission of John Wiley & Sons.)
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Solid metals become flexible when they appear as thin films. Stretchability
can be achieved when making specially designed metal traces with metallic thin
films, which adopt planar or out-of-plane formats of self-similar serpentine
[17] (Figure 13.1e), fractal [18] (Figure 13.1f), helical [38] (Figure 13.2B), and
prestrained bulking [19] (Figure 13.1g) structures. The elongation of the metal
traces is constrained by the fracture strain of the metals (~1%) [41], and can
reach more than 100% with optimized design.

Semiconductor materials such as silicon [42], GaAs [43], ZnO [44], InP [45],
and GaN [46] can be used to make functional active components such as diodes,
transistors, and light-emitting diodes. All these semiconductor materials are rigid
in their bulky forms, but their bending stiffness and bending-induced strains at
given radii of curvature can be exceptionally small due to cubic and linear scaling
of these quantities with thickness. These semiconductor materials are in forms
such as nanomembranes [47], nanoribbons [20] (Figure 13.1h), and nanowires
[48] with thickness in a scale of hundreds of nanometers, and are functionalized
following CMOS fabrication processes.

Woven fabric can be constructed with fibers interlaced together, offering the
fabric unique properties such as elasticity, stiffness, and chemical resistance.
Conductive threads can be achieved by doping the treads with conductive inks
made of conductive particles [21] (Figure 13.1i) or bundling metal wires together
with the treads [22, 49] (Figure 13.1j). Woven fabric can be used as sensory
elements for strain [50, 51], pressure [52, 53], respiratory [54], and heart rate
monitoring [55]. In addition, stretchable skin sensors can be attached to woven
fabric to achieve high tensile strain and vapor permeability, while allowing high
resistance to surface scratch and humidity [56].

13.3 Health Monitoring Applications of Stretchable
Devices

Materials mentioned can be used to construct stretchable health monitoring
devices exhibited typically as skin sensors [10, 17, 39, 56—64] (Figure 13.2A),
implantable devices [38, 65-72] (Figure 13.2B), and wearable devices without
direct coupling to human bodies [40, 73-77] (Figure 13.2C). These devices
have demonstrated broad applications in health monitoring with major use in
biophysical signal monitoring, biomolecule analysis, brain and neural probes,
cardiovascular monitoring, rehabilitation, and daily health tracking.

13.3.1 Skin Sensors

Stretchable devices for health monitoring are predominately realized by
skin-mounted devices that are in direct contact with skin and measure diverse
skin properties. One innovative type of skin sensors is based on soft and ultrathin
materials, whose mechanics are similar as the epidermis of the skin, and, thus,
are termed as epidermal electronics [57]. Epidermal electronic devices can be
spontaneously attached to skin, and conformably adapt to skin morphology.
Epidermal devices have been demonstrated as constituting a conceptual system
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carbon nanotubes that can be integrated onto various fabrics for human-motion detection. (Yamada 2011 [40]. Reproduced with permission of Nature
Publishing Group.)
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that contains multiple sensing components [57] and individual devices as
brain—computer interfaces [78, 79], hydration sensors [61-63], temperature
sensors [17, 64, 80], and data loggers [81]. Other formats of the skin sensors
can be realized by thicker, and thus, less stretchable structures, and use fixtures
such as bandages [82, 83] and body straps [84, 85] to realize intimate skin
contact. With assistance from silicone adhesive and stretchable fabric, rugged
and breathable forms of stretchable electronics can be realized to achieve
epidermal or transcutaneous monitoring [56]. Primary use of skin sensors
involves biophysical signal sensing and biomolecule analyzing.

13.3.1.1 Skin Biophysical Signal Monitoring

Biopotential Sensing Biopotential sensors measure electrical potential generated
across tissues, organs, and cells. Signals such as electrocardiography (ECG)
(Figure 13.2A), electromyogram (EMG), and electroencephalography (EEG)
[10, 56, 58—60] can be measured to indicate different health conditions such as
coronary artery disease [86], pediatric muscle disease [87], muscle fatigue [88],
mental states [89], and sleep disorder [90, 91]. These sensors are predominately
based on skin-contacted metallic electrodes or meshes made of gold and copper
(Figure 13.3a), resulting in highly conformal surface coverage on skin and high
signal-to-noise ratio without using any coupling media. A potential issue in the
use of metallic electrodes involves skin irritation due to contact allergy to gold
[78, 79] and copper [92], leading to alternative methods that use capacitive elec-
trodes, which are separated from skin with a polymeric insulation layer [59]. The
sensing mechanism relies on displacement currents induced in electrodes. The
resulting signals are captured as voltages measured using an amplification circuit
with high input impedance. Other electrode formats include conductive polymer
electrodes made of carbon nanotubes [93] or poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) [94], which offer reasonable conductivity
and high stretchability.

Hydration Sensing Skin hydration monitoring is an important technique in der-
matology to analyze various diseases such as dermatitis [95], psoriasis [96], and
pruritus [97]. Hydration measurement is also used for assessing the effective-
ness of antiaging and moisturization treatments and other medical therapies.
Skin hydration is typically determined by impedance measurement approaches.
Huang et al. have realized several types of skin impedance sensors that mea-
sure skin impedance across two electrodes using alternative electrical current
with frequencies from 10 to 100 kHz. The resulting attenuation and phase shift
of the electrical current, represented by the impedance of the skin, can be used to
assess skin hydration levels, which determine the dielectric properties and con-
ductivities of the skin. Devices capable of conducting differential monitoring [61],
regional mapping [62] (Figure 13.3b), and wireless sensing [63] (Figure 13.3c)
have been developed based on impedance detection. In addition, hydration can
also be assessed by skin thermal conductivity [64], which can be determined
through time response of the skin to constant thermal energy input (Figure 13.4a).
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Temperature Sensing Skin temperature sensors can measure body temperature
and skin thermal conductivity as well as effects of blood flow on thermal
transport, and can be realized by resistive meander electrodes made of Pt
[17] and Au [64] (Figure 13.4a). Skin temperature mapping can be realized
by the above-mentioned resistive electrodes integrated with switching diodes
or transistors to select individual electrodes. Temperature sensors based on
silicon nanomembranes have also been developed [100]. The devices typically
contain prestrained lightly or heavily doped silicon nanomembranes, which
are released to achieve out-of-plane bulking structures with more than 30%
stretchability. Novel approaches to monitor skin temperature also include mea-
suring source/drain current variation of field-effect transistors [98, 101-103]
(Figure 13.4b), which undergo temperature-induced property changes in gate
dielectrics. Besides electronic devices, skin temperature mapping can also be
realized by powerless colorimetric approaches, for example, Gao et al. combined
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high-density thermochromics liquid crystal arrays with metallic antennas that
can locally heat the skin by harvesting electromagnetic waves [99] (Figure 13.4c).
The resulting device achieves noninvasive spatial mapping of skin temperature
with 50 mK precision and submillimeter spatial resolution.

Other Skin Sensing Applications Stretchable skin sensors also have other health
monitoring applications, including oximetry [56, 104, 105], wound healing
monitoring [106, 107], pressure sensing [108, 109], and strain sensing [110,
111]. Transdermal pulse oximetry [104] uses LED to emit green or red light,
and photo detectors to receive the transmitted light on close proximity to the
LED (Figure 13.5a). A ratio between the intensities of transmitted light and
emitted LED light (calibrated by applied voltage) can be used to indicate the
peripheral capillary oxygen saturation. Skin sensors have also been realized for
wound healing. Hattori et al. developed an epidermal sensor that can monitor
time-dynamic skin temperature and thermal conductivity [106] that are related
to the inflammation phase during a wound healing process. Lin et al. developed
a hydrogel-based smart wound dressing that can sense temperature at various
skin locations and deliver different drugs to these locations [107] (Figure 13.5b).
Pressure sensors can be used to measure blood pulses. Gong et al. demonstrated
a pressure sensor based on gold nanowires that are impregnated into tissue paper
sandwiched between a black PDMS and a patterned PDMS sheet with interdigi-
tated electrode arrays [108]. The device offers a pressure sensitivity of 1.14 kPa~!
and responds to pressure changes within 0.05 s at a frequency up to 5.5 Hz.

13.3.1.2 Biomolecule Analysis

Stretchable skin sensors have been used to monitor biomolecule levels in sweat
[112-120] based on ion-selective electrodes, ion-selective field-effect transis-
tors, electrochemical electrodes, and colorimetry. Biomolecules such as sodium
[112-115], potassium [113, 115], ammonium [116, 120], glucose [117, 119], and
lactate [115, 121] can be measured as indicators for dietary conditions, liver
malfunctions, cystic fibrosis, and diabetes. Huang et al. introduced materials and
design for ultrathin, stretchable passive wireless sensors, which are attached on
porous sponge-like substrates for epidermal analysis of biomolecules in sweat.
The porous substrates allow sweat collection through capillary forces, without
the need for complex microfluidic handling systems. Colorimetric measurement
is achieved in the same system by introducing indicator compounds into the
substrates for sensing specific components (OH-, H*, Cu*, and Fe?*) in the
sweat [118] (Figure 13.6a). In addition to introducing specific ions, Jia et al.
developed a real-time lactate sensing method for perspiration monitoring dur-
ing exercise using a flexible printed tattoo-like electrochemical biosensor. The
sensor exhibits chemical selectivity toward lactate with linearity up to 20 mM
and demonstrates high resiliency against mechanical deformation and friction
[122] (Figure 13.6b). Gao et al. present a highly integrated sensor array for
in situ perspiration analysis. The sensor array can simultaneously and selectively
measure sweat metabolites (such as glucose and lactate) and electrolytes (such
as sodium and potassium ions) as well as skin temperature for sensor calibration
[115] (Figure 13.6¢).
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13.3.2 Implantable Devices

Stretchable devices can also be implanted into human bodies to conduct mea-
surement internally. The soft and curvilinear formats of the devices match the
mechanics and surface morphology of human organs, forming intimate contact
with the surface of the organs. These devices can be delivered to tested sites
through methods such as using catheters [71], surgery [72, 123], and injection
[124, 125]. Implantable devices have very high requirements to the biocompat-
ibility of the devices to minimize potential foreign body reaction. Researchers
have developed implantable stretchable devices that can be used continuously
within human bodies for over 6 months [126] with major applications in brain
and neural probes and cardiovascular monitoring.

13.3.2.1 Brain and Neural Probes

Pioneer works in stretchable electronic devices for brain and neural signal record-
ing typically use metallic electrodes with limited stretchability encapsulated in
elastomer membranes [65—69]. These devices in their current format can with-
stand 5-10% biaxial strain. Guo et al. developed a stretchable multielectrode array
using a new poly(pyrrole)/polyolborate composite film for electrodes and leads
(Figure 13.7a). The resulting polymeric multielectrode array can be stretched up
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Figure 13.7 Stretchable electronic devices that are used as (a) a neural probe (Guo 2014 [70].
Reproduced with permission of John Wiley & Sons.), (b) a balloon catheter (Kim et al. 2011 [71].
Reproduced with permission of Nature Publishing Group.), and (c) cardiovascular mapping
webs (Kim et al. 2012 [72]. With permission from the National Academy of Sciences.)
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to ~23% uniaxial tensile strain with minimal losses in electrical conductivity [70].
Minev et al. designed a soft neural interface that can tolerate a strain of 45%. The
device mimics the shape and mechanics of the dura mater, and contains stretch-
able gold interconnects and soft electrodes coated with a platinum-silicone com-
posite. In addition, a microfluidic channel is also integrated within the device.
The electrodes and interconnects transfer electrophysiological signals, while the
microfluidic channel delivers drugs locally [127].

13.3.2.2 Cardiovascular Monitoring

Stretchable devices are in high demand for monitoring biophysiological signals of
heart and blood vessels, which undergo significant deformation during the pro-
cess of blood circulation. Kim et al. developed multifunctional balloon catheters
(Figure 13.7b) with capabilities in cardiac electrophysiological mapping and abla-
tion therapy using ultrathin flexible materials such as silicon and metal films
[71]. Similar technology can also be used to develop electronic sensing webs [72]
(Figure 13.7¢) or socks [123] that can wrap around the heart to conduct electro-
gram mapping for heart beats to determine arrhythmias. Stable and biocompati-
ble conducting polymers such as PEDOT:PSS or graphite—PDMS composites can
be used to create bendable, noncytotoxic, and biostable sensor arrays contain-
ing up to 60 microelectrodes. Each electrode in the arrays has a thickness below
500 pm, and can reliably capture action potentials (APs) and local field potentials
(LFPs) from heart muscle [94].

13.3.3 Body Wearable Devices

Besides skin sensors and implantable sensors, sensors integrated with fabrics
or other body wearable gadgets are also performing major roles in stretchable
health monitoring devices. These sensors have no direct contact with skin, and,
thus, are mostly used to measure human motion with strain [128—130], pressure
[131-133], heart rate [134], and respiratory [135] detection. Applications of such
kinds of body wearable devices include rehabilitation and daily health tracking in
a way that can be worn on bodies in formats such as wristbands [73, 74], glove
[75, 133], socks [40], and clothes [129, 130].

13.3.3.1 Rehabilitation

Stretchable devices can assist the rehabilitation processes of the patients. Promi-
nent applications involve hand rehabilitation [136], prosthetics [76], and artificial
muscle [137]. The devices are typically in the formats of gloves [75, 138], strips
[76, 138] (Figure 13.8a), and wrist-worn meshes [77]. Ryu et al. developed highly
elastic strain sensing strips that can be used for motion detection during the
rehabilitation processes [138]. The strips are based on carbon nanotube bundles
that are obtained from dry spinning vertically aligned carbon nanotubes (CNTs)
to prestrained (100%) silicone substrates (Figure 13.8a). The CNTs that adhere
to the substrates through van der Waals forces are densely packed on the sub-
strates, allowing electrical conduction through tunnel effects with a tolerance
of up to 960% strain. Gerratt et al. demonstrated a stretchable strip integrated
with resistive sensors to monitor finger articulation and capacitive tactile pres-
sure sensors that record pressure distribution along the length of fingers [76].
Attaching the strip to a glove enables precise grasp analysis, which is a critical step
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in hand prosthesis. Choi et al. developed a soft, thin, and stretchable heater for
long-term, continuous articular thermotherapy using a nanocomposite of silver
nanowires and a thermoplastic elastomer [77]. The nanocomposite is patterned
to form serpentinemesh structures capable of conformal lamination on curvilin-
ear joints and of conducting effective heat transfer during wrist motion.

13.3.3.2 Daily Health Tracking

Stretchable devices can appear as garments or accessories worn on bodies to
monitor physiological signals to indicate risks or events such as cardiovascular
disease, accidental falling, chronic heart failure, diabetes, and sleep disorders.
Kim et al. demonstrated an electric textile containing planar-fashionable circuit
boards (P-FCB), which are made of screen-printed conductive inks onto textile.
Passive components such as resistors, capacitors, and inductors can also be
printed using the same approach. Potentially, fully integrated circuits with
commercial components and printed elements can be achieved to realize
garment-based physiological signal sensing [141]. Motion tracking can be
realized by strain sensors that assess muscle deformation during the exercise
and daily activities [40, 142], and can be achieved through conductive and
stretchable polymers using carbon nanotubes as fillers to improve the gauge
factor (0.86) as well as the stretchability (280%) of the sensors. Boland et al.
presented an improved strain gauge that can achieve 800% stretchability using
graphene as fillers diffused into natural rubbers, resulting in a gauge factor at
~50 (Figure 13.8b) [139]. The strain gauge is able to detect arm bending, vocal
cord vibration, and breathing. Electrically conductive and highly stretchable
fibers based on PU/PEDOT:PSS have also been demonstrated (Figure 13.8c),
and can be used to knit various textile structures. The knitted textile sensors can
distinguish strain up to 160%, and can be integrated with wireless transmitters
to realize knee sleeves for personal training and rehabilitation [140].

13.4 Future of Stretchable Electronic Devices

Stretchable electronic devices are targeting many challenges in health mon-
itoring. The future trend of stretchable health monitoring devices lies in
solving several critical issues that are causing constrains to the prevalence
of such devices. Representative issues include power supplies of stretchable
electronic devices, methods of data transmission, device complexity, and lack
of system-level solutions. Currently, most of the devices mentioned focus on
sensing functions of the stretchable electronic devices. However, power supplies,
signal conditioning, data communication, and data storage still largely rely
on bulky instruments or integrated circuits based on rigid substrates. Some
researches tackle the power issues with stretchable batteries [143, 144], piezo-
electric generators [145, 146], and solar cells [6, 147], showing promising future
in replacing current bulky power sources with components that mechanically
and geometrically match stretchable electronic devices. Work on improving the
power density of the above-mentioned methods is also underway, and may even-
tually lead to construct devices that can stay with human bodies during the entire
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measurement periods. The complexity of the devices can be further improved
by integrating multisensing components as well as commercialoff-the-shelf
components that assist signal conditioning and data communication [10],
allowing comprehensive assessment of multiple biophysiological signals and
improvingthe accuracy of multidegree datain diagnosis and treatment.
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14.1 Introduction

Soft, stretchable electronic systems possess the capability to extend or enlarge
beyond the usual or proper limits from a mechanical standpoint, and such
excellent characteristics or behavior provide strong means to fulfill various
unmet needs that are unable to be addressed by established, existing electronic
devices. Recent researches have been focused on requirements that were
initially realized by the various accomplishments of materials, devices, and
design layouts as well as by the underlying mechanics of flexible, stretchable
electronics [1-22], and the resulting advanced developments highlight the
need for expanded research scope for potential uses in biomedical systems.
Demonstrated examples for biomedicine range from medical implants such
as those for monitoring/stimulating/controlling of electrical biopotentials for
cardiac [23-28] and neural [29-36] activities, to electronic skin or epidermal
electronics [37-46] for personal healthcare system and prosthetic limbs [33, 35]
or robotics [46], to power generation [47-53], biomimetic systems [54, 55], and
bioresorbable electronics [56—58]. There are two different approaches toward
such scientific achievements. The first is to develop new materials, that is,
intrinsically soft organic-based components combined with a stretchable rubber
resulting in a composite of elastomeric conductor for electrodes, contacts, and
interconnects [4, 8, 10, 18, 20, 21]. The second is to devise optimized geometrical
configurations of rigid, brittle, inorganic-based materials for interconnects
and active constituents, which enable new operational modes for facilitating
substantial amounts of mechanical deformations and enhancing conformal
contact ability via exploration of curvilinear system layouts to integrate with the
human body and/or complex surface/shapes of structures [1, 6, 7, 12, 14, 22].
The fundamental idea is to utilize ultrathin, flexible film or ribbon of materials
whose flexural rigidity (bending strain) is inversely proportional to thickness
[59-61], thereby making it possible to deform over critical fracture strains.

In this chapter, we summarize the recent advances in the area of flexible,
stretchable electronic/optoelectronic devices for widespread applications in
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clinical medicine, for instance for (i) recording/regulating electrical/mechanical/
thermal activities associated with heart functions [23-28], (ii) recording/
regulating power supply systems and/or pacemakers with the cardiac move-
ments [23, 27], (iii) monitoring electrophysiological information and genetically
controlled neuromodulations for brain surgery or related issues [29-36], (iv)
electrical/physical interfaces for prosthetics and robotics [33, 35, 46], and (v)
real-time, multi-modal monitors of physiological status/conditions [38, 44, 45].
In the beginning, we introduce a brief, comprehensive overview of the materials,
their synthesis and composites, manufacturing scheme, and underlying mechan-
ics. Integration of electronic devices, sensors, and systems with biological cells,
tissues, and organs supports practical feasibilities of such bioelectronics for
prevention, diagnosis, and treatment, as well as for healthcare and wellness. The
last section provides conclusions, future directions and an outlook.

14.2 Materials, Synthesis and Composites
for Flexible/Stretchable Systems

Figure 14.1a illustrates the approaches for creating ultrathin flexible/stretchable
forms of active semiconducting materials and/or devices, applicable to almost
any type of electronic system [47]. The top frame highlights the formation of a
single crystal silicon microribbon with the thickness of a few microns from a
bare (p-type) Si (111) wafer, via a well-known procedure of anisotropic undercut
etching with potassium hydroxide (KOH) or tetramethylammonium hydroxide
(TMAH)—in case of need to selectively remove a silicon from a silicon oxide
such as a silicon on insulator (SOI) wafer. Here, patterning/etching defines the
dimension of narrow strips of silicon whose direction of the length requires to be
perpendicular to the preferential etching direction of Si <110>, and the thickness
of those strips can be determined by the timescale of dry etching. Depositions
of appropriate protection layers, for example, silicon oxide, silicon nitride, metal
elements, over the top surface as well as sidewalls provide etch masks for the fol-
lowing wet etch in the strong alkaline solvent. The anisotropic removal along the
guided direction generates a releasable form of an array of silicon microbars with
rigid fixations of support, that is, anchors, at both ends of long axes. The tethered
structure of these microcells can be selectively released by physical breaks of the
anchors using a polydimethylsiloxane (PDMS) stamp with moderate pressure,
and assembled or registered through the transfer printing method onto any kind
of desired, foreign materials/substrates, resulting in a complete electronic device.
Similar procedure can be applied to a compound semiconductor of gallium
nitride (GaN) grown on a silicon wafer, and to an SOI wafer but different plane
index with a handle Si (111) wafer, according to a previously reported article [19,
62—64]. This cost-effective, large-scale strategy allows high-temperature process
during the course of manufacturing, leading to high-performance flexible,
stretchable electronic systems. Another representation of producing an ultrathin
sheet of active elements appears in the bottom frame of Figure 14.1a [17]. A vari-
ety of growth conditions can control thickness, doping profile, composition,
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and other properties of layers, and a dry etching with patterned masks provides
diverse geometrical options. Employing a sharp contrast of the etching rate in a
particular solvent suggests a route to obtain individual pieces/layers of GaAs with
predesigned dimensions/layouts from vertically stacked, heterogeneous multi-
layers of GaAs and AlAs, by selective removal of AlAs in hydrofluoric acid (HF).
Such an analogous process is widely used to extract ultrathin, monocrystalline

(a)

Figure 14.1 Materials, synthesis and composites for flexible/stretchable systems. (a) Top:
Tilted scanning electron microscope (SEM) image of an array of ultrathin silicon solar
microcells tethered to a mother wafer, right after defining individual cells and undercut
etching with potassium hydroxide (KOH). The inset represents a magnified SEM image of a
representative microscale solar cell (thickness, ~20 pm). Bottom: Cross-sectional SEM view of
multiple stacks of GaAs/AlAs formed by metal organic chemical vapor deposition (MOCVD)
during selective etching of the AlAs via hydrofluoric acid (HF). (b) Top: A colorized image of an
array of electronic circuits with a pop-up bridge structure to enhance stretchability, conformal
interfaces of the system to unusual shapes such as the surface of a golf ball. Bottom: SEM
image of an advanced design layout to achieve extreme stretchable capability of an array of
silicon CMOS inverters using noncoplanar, serpentine bridges over a large area. Each cell
strongly bonds to the PDMS, while serpentine traces are not restricted to the substrate for
being stretchable to external forces. (c) Top: A magnified SEM image showing the structure of
a representative conductive elastomer, including uniformly distributed single wall carbon
nanotubes (SWCTs) in a rubber through multistage manufacturing procedures. Bottom: An
optical image of Ag flakes-based elastic ink with high conductivity and stretchability for
printed electronics. The electrical and mechanical properties of this elastic conductive ink is
determined by its composite materials. (d) Top: Photographs of pliable, patterned
SWCTs-based conductors on a PDMS slab for organic electronic devices, with dispersed SWCTs
in paste (left) and patterned SWCTS by screen printing (right) in the inset. Bottom: Image of
net-shaped conductors enabling excellent contact ability to three-dimensional random
configurations, for potentially electronic artificial skin.
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silicon nanomembranes (Si NMs) from an SOI wafer, by selective elimination
of a buried oxide (SiO,) in HF [5, 11]. In some cases, especially for the case of
using a thin sacrificial layer, it is useful to define tiny holes at proper periodic
intervals to prevent the membranes from sagging down to the lower membrane,
causing to impede propagation of etching solutions, that is, it stops the etching
procedure. Deterministic transfer methods described or usage of engineered
elastomeric stamp elsewhere [65—67] efficiently conveys each layer of GaAs to
any substrates of interest to integrate with other components.

Modifications of mechanical layouts and structural configurations in conven-
tional inorganic-based electronics offer the possibility to transform materials
with rigid and fragile nature to become flexible, stretchable, and foldable.
An initial step toward accomplishing a soft, stretchable circuit produced a
one-dimensional semiconducting material with micron-sized, wavy geometries
that enables reversible stretching in a longitudinal direction without significant
reduction of the electrical/mechanical/optical properties, although limited to a
singular electrical component [5-7]. Developments of wavy and buckled profiles
of single crystal silicon nanomembranes (Si NMs) on an elastomeric rubber
provide high-performance, stretchable and foldable integrated circuits such as
an array of complementary metal-oxide-semiconductor (CMOS), ring oscillator,
and differential amplifiers [11, 12]. Analytical mechanics model defines a neutral
mechanical plane (NMP) that indicates the geometrical location through the
thickness of the device layers, and where strains are zero [11, 12, 14, 15].
Therefore, typical inorganic electronic materials that have high mechanical
moduli and low fracture strains can be placed near an NMP to substantially min-
imize or avoid the degradation of physical/electrical properties during extreme
mechanical deformations. More advanced schemes are an extension of such

wavy configurations to three dimensions with interconnecting configurations to
achieve sophisticated levels of fully functional integrated systems. Figure 14.1b

Figure 14.1 (Continued)
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illustrates such examples of noncoplanar pop-up bridges (top) and serpentine
traces of interconnects (bottom) [12, 14]. The pop-up structure induced by
a prestrain of a receiving elastomer, with a combination of NMP layout that
device layers experienced nearly zero strain, could accommodate all of the
strains associated with deformations, leading to electronic properties that are
independent on externally applied strains. Theoretical analysis by finite element
modeling (FEM) reveals that this critical aspect of a design strategy contributes
almost no strain to device islands, but generates mechanical loads around
interconnects/bridges and/or inactive regions in corresponding electronic
systems. Additional deformability can also be obtained via serpentine shape of
interconnects/bridges or fractal design strategy [22, 41, 68], enabling to create a
geometry that allows the circuit to be folded or stretched in a large scale, and to
realize conformal contacts to a variety of complex shapes.

Although structure engineering, in a way that device configuration can
accommodate various mechanical deformations with brittle and rigid materials
by nature, is a breakthrough for soft electronic systems there might be an
approach to ascertain a material that intrinsically contains low flexural rigidity
to achieve flexible and stretchable systems relatively independent of externally
applied strains [8, 10, 18, 20, 21]. Dramatic reduction in physical dimensions of
materials (e.g., nanowires, nanotubes, flakes), combined with an elastic rubber
realized such desired mechanical properties, with unprecedented electrical
characteristics via optimized synthesis of materials for electrodes/contacts,
interconnects, and channel media. Figure 14.1c illustrates examples of such
nanomaterials as a SWNT paste (top) from a high purity and aspect ratio of a
SWNT [8, 69, 70], and Ag ink (bottom) from commercial Ag flakes, respectively
[21]. These conductive paste and ink can be printed on an elastomeric polymer
through conventional printing methods (e.g., stencil printing, screen printing,
etc.) with desired patterns after chemical surface treatments to improve compat-
ibility of mixture components (Figure 14.1d, top). The mechanical durability can
be enhanced by encapsulation of the top surface with an elastomer, which could
avoid or minimize delamination of those conductive materials during excessive
deformations [8]. A mesh-typed conductive elastomer, instead of a slab of elastic
conductor, suggests a way to increase conformal contact to curvilinear shapes,
that is, efficiently wrap arbitrary surfaces/shapes of structure (Figure 14.1d,
bottom).

14.3 Electronic/Optoelectronic Devices, Sensors
and Systems

Advanced electronic components with high performance in unusual shapes
and configurations offer new research opportunities in the realm of biomedical
implants, wearable devices, and other electronic gadgets, and might be useful
in some cases that cannot be realized by conventional, existing electronic
systems. Figure 14.2 represents a variety of comprehensive sets of such flexible,
stretchable electronic circuits/systems that are capable of accommodating severe

355



356 | 14 Flexible/Stretchable Devices for Medical Applications

Figure 14.2 Electronic/optoelectronic devices, sensors and systems. (a) An array of
stretchable Si CMOS integrated circuits on a PDMS rubber with pop-up bridges as
interconnects in a noncoplanar configuration. Chosen materials and design layouts enable to
accommodate external mechanical stimulations such as twisting, bending, diagonal
stretching, and so on. (b) Description of an artificial digital camera inspired from compound
eyes. Combination of silicon photodiodes and blocking diodes in an active matrix array offers
elastic hemispherical microlenses system. The inset represents a magnified view of 2 X 2 array
of the device connected with serpentine traces for enhanced extension. (c) Photographs of
mechanically deformed GaAs- (left) and GaN-based (right) micro-LEDs array. Stretching in a
sharp pencil tip and twisting of micro-LEDs exhibit no functional degradation due to the
selection of materials and structure configurations. (d) An image of flexible, wearable
conductive nets incorporated with organic transistors in the configuration of active matrix
addressing on an egg, potentially for pressure, thermal sensors, and artificial electronic skin.
(e) Demonstration of stretching tests in uniaxial/biaxial direction of stretchable organic
integrated circuits configured in matrix addressing, consisting of organic transistors and
SWCTs contacts and interconnects. (f) Photographs of flexible, stretchable large-area organic
LED display that is capable of conforming to curvilinear surfaces and/or structures. Deformed
states (e.g., folding) do not limit device functionality as shown in the inset.
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Figure 14.2 (Continued)

mechanical strains such as twisting, bending, stretching, and folding, without
any functional degradations in a general operation mode [4, 8, 10, 12, 19, 55, 71].
Examples of inorganic-materials-based electronic and optoelectronic circuits
and systems contain monocrystalline silicon nanomembranes (Si NMs)-based
CMOS inverters (Figure 14.2a) [12] and an array of photodiodes with block-
ing diodes for digital cameras (Figure 14.2b) [55], heterogeneous compound
semiconductors-based light-emitting diodes (LEDs) (Figure 14.2¢; left, GaAs;
right, GaN) [19, 71], and are not limited to these components, but include solar
cells [17, 47, 48], mechanical/physical/electrochemical sensors/actuators [3, 4,
16, 21, 24, 27, 28, 31, 39, 40], and so on. These electronic devices, sensors, and
systems were fabricated by typical semiconductor procedures (e.g., deposition,
photolithography, etching, and diffusion) on a rigid, temporary substrate coated
with polymeric substances, and after completion of device fabrication, removal
of an underlying sacrificial layer, that is, a polymer layer, by immersion in an
organic solvent enables to release the device out of a carrier substrate. In this
case, a series of manufacturing procedures are limited to a ceiling temperature
of 250-300 °C due to polymers as a sacrificial and protective layer, which can be
avoided by a fully formed scheme via preferential, anisotropic solution etching
with a silicon [47, 63] or SOI wafer [62, 64]. Subsequent procedures of elaborate,
rapid transfer printing to prestrained deformable substrates form flexible,
stretchable electronic products. As a result, these soft, curvilinear devices
exhibit mechanically superior deformability over conventional, bulky devices,
and such photography-included processes also afford functional qualities of
a variety of components to reach the level required by commercial industry
products. More elasticity can be realized by utilizing inorganic materials with
fractal-based architectures such as Peano, Hilbert, Moore curves, and Greek
cross [22, 41, 68], and these strategies create more opportunities in biomedical
electronic systems for organs or tissues with complex, random surfaces.
Materials and phenomena associated to diverse organic electronic devices
such as sensors, thin film transistors, LEDs, solar cells, and others have been also
studied toward designing large-area, cost-effective flexible, and stretchable elec-
tronics. Figure 14.2d represents an organic pressure sensor with a mesh-typed
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structure designed to improve physical contact ability to a target interface,
which will result in the increase of electrical signal quality for electronic artificial
skin or biointegrated systems [4] as exceptional enhancements of recorded
biopotentials reported elsewhere [29, 38]. Typical fabrication approaches such
as evaporations of metal electrodes and a semiconductor layer, and spin coating
of an insulator and encapsulation layer on a pliable substrate, form a planar
structure with an active matrix of organic field-effect transistors, followed
by elimination of inactive electronic regions creating a grid-like structure.
A conductive elastomer-based pressure sensor is mechanically shaped as a
web-like architecture, and subsequent attachment on the top of the array of
organic transistors completes the mesh-type pressure sensor system. The sensor
contains sensing areas where both horizontal/vertical lines cross each other, that
is, intersection and electrical interconnects (i.e., bit line, word line). Evaluations
on mechanical properties emphasized that electrical/mechanical failures in
response to external deformations did not occur at intersections but by electrical
wires, which can be minimized or prevented through physical dimensions of
electrical wires and/or by optimized geometry of removed empty spaces.

A synthesis of carbon nanotubes-based materials with several compatible
substances has provided exceptional mechanical/electrical properties, and their
uniform distribution in elastomeric polymers offer soft electrical conductors
for flexible, stretchable electronic systems [10, 69, 70]. Figure 14.2e illustrates
a biaxially stretchable, rubber-like active-matrix transistors, based on com-
posites of organic polymers and carbon nanotubes [10]. Here, super-growth
SWNTs with excellent properties [69, 70] are processed through several
mechanical/physical/chemical steps to generate superb electrical/mechanical
characteristics of an SWNT film as well as SWNTT paste. Blending such fabricated
SWNT film with a silicone elastomer (PDMS) forms an elastomeric conductor
that can serve as interconnects of bit lines and word lines. A highly conductive,
adhesive SWNT paste is designed to be utilized for strengthening mechani-
cally vulnerable regions where the gradient of mechanical modulus abruptly
changes, that is, between rigid device islands and soft interconnects. An array
of actively addressable organic transistors combined with those materials (an
elastic conductor and SWNT paste) reveals negligible changes in electrical and
mechanical characteristics under uniaxial and biaxial stretching up to 70-80%
as well as under repeated applied strains. Similar materials, but with exceptional
conductivity and improved viscosity, were able to be coated/patterned on
an elastomer for a stretchable, printable elastic conductor, and such a novel
strategy was demonstrated as stretchable, bendable, foldable organic LED panels
(Figure 14.2f) whose individual pixel can actively be addressed through driving
components of a selector and driver transistor, and a capacitor.

14.4 Multifunctional Electronic Sensors and Power
Scavenging Circuit for the Heart

Developments of novel materials/structure designs for stretchable electronics
have resulted in a three-dimensional web-like electronic sock that could monitor
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electrophysiological activities and/or vital signs in the heart via a package
of various sensors as shown in Figure 14.3a [27]. Multifunctional elements
(Figure 14.3a, bottom) enable to detect diverse markers of cardiac conditions,
for example, fluctuation of electrical potentials, continuous and real-time
alterations in pH value during control of blood supply, temperature variations in
cardiac ablation, mechanical deformations (i.e., strain) in response to physical
activities of the heart, and recording/mapping cardiac action potentials from
optical stimulations. A commercially available 3D printer generates an artificial
shape of the heart model after capturing the precise configuration of a heart
via an optical scanning approach. Pouring/curing an elastic silicone rubber
creates a three-dimensional geometry and a thin membrane sheath as the
replica of a rabbit heart, followed by mounting multifunctional electronic
components described earlier connected with meander traces in a stretchable
format on the top of the model. The engineered heart sock is closely fit to or
slightly smaller than the actual organ, which is designed for each electronic
constituent to achieve great physical contact with the cardiac surfaces during
expanding/contracting the heart. Evaluation of the theoretical study supports
the fact that the appropriate pressure of the electronic sock onto the heart
provides a stable physical/electrical interface between the entire system and the
epicardiac surface. Demonstrations of a number of different functional elements
with an isolated perfused rabbit heart show a continuous, spatio-temporal view
of electrical activities. Simultaneous recordings with combined use of Si-based
piezoresistive strain monitors with electrocardiogram (ECG) electrodes provide
correlated responses between mechanical cardiac movements and electrical
action potentials (Figure 14.3b); for example, fractional changes in resistance of
a Si piezoresistor (blue) well match to the sinus rhythm (top, green), ventricular
pacing (middle, green) during normal electrical activity within the heart, while an
irregular heart rhythm due to erratic electrical impulses, for example, ventricular
fibrillation, induced significant malfunction of pumping chambers (bottom).
In addition to investigating electrical and mechanical properties, thermal and
chemical characteristics can be demonstrated as temperature mapping and
variations during ablation tests, and spatio-temporal pH sensing in response to
changes in the blood supply such as in ischemia and reperfusion.

An obstacle or difficulty to be overcome in electronic medical implants as well
as in wearable devices would be limited lifetime due to a finite capacity of power
sources operating devices/circuits. An ultrathin, flexible piezoelectric circuit
shown in Figure 14.3c enables to harvest mechanical energy from constant
natural motion of the beating/pulsating heart and lungs, and generate it into
electrically stored energy [23]. The energy harvester contains an array of thin
ribbons of lead zirconate titanate (PZT)-based active components integrated
with a commercial rectifier and microbattery onto a plastic substrate, and each
of those peripheral components converts alternating current obtained from
PZT ribbons into direct current to charge a microbattery, capable of generating
and storing electrical energy. Figure 14.3d exhibits extracted electrical potentials
from three different locations of the right ventricle (RV, top), left ventricle
(LV, middle), and free wall (bottom) of both animal models of bovine (left,
green) and ovine (right, blue) over the cyclic occurrence of expansion and
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Figure 14.3 Multifunctional electronic sensors and power scavenging circuit for the heart. (a) Optical images of three-dimensional multifunctional
integumentary membranes (3D-MIMs) supplying interfaces for physiological mapping and stimulation through wrapping up the entire epicardial surface of
the heart, with the view of covering both sides (anterior and posterior) of the heart in the inset. The device includes diverse functional components such as
ECG sensor, Si strain gauge, micro-LED (p-LED), pH sensor, temperature sensor (from left to right). (b) Comparison of measured fractional resistance from a Si
strain sensor with recorded signals from ECG sensor during dynamic cardiac movements, for example, sinus rhythm (top), ventricular pacing (middle), and
ventricular fibrillation (bottom). (c) Image of in vivo attachment of PZT-based mechanical energy harvesters on the right ventricle (RV), left ventricle (LV), and
free wall of a bovine heart (left). The whole system consists of a rechargeable microbattery, a rectifier, and PZT MEHs on a flexible substrate (top right), and a
magnified view of PZT MEHs connected to anisotropic conductive film (ACF) in a flexible format (bottom right). (d) Measurements of voltage output as a
function of time for MEHs by varying the heart rate of bovine (green) and ovine (blue). Voltage characteristics were captured from different locations, RV (top),
LV (middle), and free wall (bottom) during expansion and relaxation.
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relaxation of the heart. Each potential spike corresponds to the frequency
of dynamic heat beats. The measured output voltages show slightly different
peaks of potential depending on the implanted sites since respective regions
of the organ have particular motions in direction, shape, dissimilar muscle
structures, and thickness of outer surfaces [72, 73]. A few additional factors
play a role in measured open-circuit voltages, such as the attached angle of a
mechanical energy harvester, the frequency of heart beat as well as the size, mass,
and contractile power of the heart. The direction of the device is particularly
important due to anisotropic properties of a piezoelectric harvester, and this
feature of orientation dependency reveals that the devices placed at the angle
of 0° and 45° with regard to the apex of the heart generate higher peak voltages
than those placed at 90° due to the specific range of mechanical movements
of the muscular tissue of the heart [74, 75]. Additionally, suturing the device
with the heart avoids unexpected displacements of this whole system, that is,
it assists to fix the location of the harvester, but the fixation does not restrain
any functional and mechanical movements of the natural motion of the heart,
even though superior mechanical flexibility cannot afford to give rise to any type
of delamination during the entire cycle of the motion. As mentioned earlier,
implantation of an ultrathin, flexible piezoelectric system onto several organs
with different animal models demonstrated the viability of this technology to
produce sufficient power for possible use of medical implants such as cardiac
pacemakers, cardiac defibrillators, and deep brain stimulators.

14.5 Electrophysiology and Optogenetics for the Brain

The physical/mechanical properties of the brain require consideration of mate-
rials selection, device layout, and other factors to implant electronic systems
onto the brain surface or into deep brain tissue for fundamental researches of
the nervous system. Since conventional tools are less capable of covering large
areas of the brain (penetration probe type) or delivering high spatial resolution
of electrodes (surface probe type), recent research-introduced approaches have
aimed at achieving microelectrode array with high spatial resolution as well
as large area coverage. Figure 14.4a shows an array of ultrathin, flexible, and
high-density neural electrodes on the surface of the visual cortex in an animal
model (top), with insertion of the device into the narrow fissures of the cerebral
hemispheres (inset) [30]. Extreme mechanical flexibility of the system allows
the folded configuration to measure the electrical potentials from both sides of
the hemispheres at the same time (left, before insertion; right, after insertion).
Such a neural recording system consists of a flexible array of single-crystal
silicon-based field-effect transistors with a few stacks of metal interconnections
and interlayer dielectric (ILD) and encapsulation layers, and the thickness of the
whole layers can be adjusted to less than ~30 pm to reduce mechanical stiffness.
This reduction, therefore, enables the flexible circuit on a plastic substrate
to hold the induced strain well below the fracture strain of each electronic
component/material during intensive mechanical deformations such as folding,
bending, and twisting. The correlation of change in thickness and configuration
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Figure 14.4 Electrophysiology and optogenetics for the brain. (a) /n vivo animal (feline
model) experiments of a flexible, high-density active neural circuit implanted on the visual
cortex of the brain, and insertion of the electrode into the interhemispheric fissure (inset).
Images of active multiplexing array before (bottom left)/after (bottom right) insertion into the
interhemispheric fissure. (b) Recordings of both spiral waveforms, counterclockwise (top) to
clockwise (bottom), from active neural electrodes during electrographic seizure, that is,
induced seizure via local remedy of the drug (picrotoxin). (c) Images of sequence in a
procedure of injection and retraction of microneedle that allows multifunctional, flexible
cellular-scale micro-LEDs system to be implanted desirable locations. Attached silk fibroin
films on the backside of the micro-LEDs system gradually dissolved during this procedure,
leaving the optogenetic system in the targeted area. (d) Experimental results of colorized data
map in the Y-shaped maze for the preference of animal behaviors in different conditions. Red
colors indicate preferred locations for longer time period than other colors do.

with fracture strain have been well evaluated in previous articles [59-61]. The
flexible and foldable neural implant can be utilized to continuously record spatial
properties of sudden disorders in the brain such as blows, strokes, and seizure.
As a representative example, the system implanted on the visual cortex detected
electrical potentials of electrocorticogram (ECoG) over certain time duration
after induced seizures using picorotoxin in a cat model. The observed waves
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during seizures include diverse spatial patterns such as right angle wave, plane
wave left to right or vice versa, counter-clockwise spiral (Figure 14.4b, top), and
clockwise spiral (Figure 14.4b, bottom).

Besides electrical stimulation and recording, integration of optical devices
with electronic components could open up new capabilities in optoelectronic
system for unmet applications in the fields of biology and medicine. Figure 14.4c
represents sequential insertion stages (left, before injection; middle, after injec-
tion; right, retrieval of the microneedle) of an injectable optoelectronic system
supported onto a penetrating polymeric microneedle [32]. Individual electronic
components in this multifunctional cellular-scale system involve a platinum
(Pt)-based electrode for electrical stimulation, recording, and a temperature
sensing, and a silicon-based photodetector for detection of changes in light
intensity, and all of the components are integrated onto a rigid microneedle
with a water-soluble silk fibroin glue that allows a microneedle to release
after injection, leaving flexible, thin electronic elements in the brain. From a
biological perspective, the functional operations of these diverse components
are characterized as having electrical, optical, and thermal properties such as
those necessary for power consumption, heat sink, variation of light intensity,
and recording action potentials. Integration of such components with wireless
modules for radiofrequency (RF) power scavenger such as RF antenna, an
impedance-matching inductor, schottky diodes, and capacitors emphasizes the
capability of wireless control as demonstrated in various tasks, interactions,
and behaviors. As an example of implementation in optogenetic control experi-
ments, Figure 14.4d represents the results of time duration at places in a Y-shape
apparatus for animal models. The experimental procedure began to count the
number of active nose pokes followed by self-stimulation that indicates active or
inactive. Animals with self-stimulation expressing channelrhodopsin-2 (ChR2)
provided longer duration at the preferred place (Figure 14.4d, left), while animal
models with the same stimulation expressing enhanced yellow fluorescent
protein (eYFP) did not show such place preference due to nongeneration of
neuronal firing for behavior control (Figure 14.4d, right). These described
activities are well correlated to the statistical plots for the number of active nose
pokes in the case of active and inactive devices for both groups of ChR2 and
eYFP. More sophisticated systems with the current configuration can provide
diverse approaches with regard to the central nervous system such as in drug
delivery with optical manipulation [34], and mechanically soft, stretchable
miniaturized circuit including light and power sources could eliminate physical
constraints in a freely moving animal model [36].

14.6 Communication and Regulation for the Nervous
System

Figure 14.5a illustrates a skin-inspired artificial mechanoreceptor system that
enables to convert mechanical pressure alterations arising in human skins to
opto-electrical signals for stimulating somatosensory neurons, to ultimately con-
trol or communicate with prosthetic limbs [33]. The basic underlying principle
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Figure 14.5 Communication and regulation for the nervous system. (a) lllustration of a skin-inspired mechanoreceptor system through pressure-induced
somatosensory cortex stimulation circuit for an optoelectronic system, incorporating with a wearable pressure sensor, organic oscillator, light-emitting diode,
and optical fiber. (b) Measured correlation data of applied pressure to the digital tactile (DiTact) system, sensor output from the LED, and cell potential from the
patch clamp. Sensor output signals are closely related to the recorded action potentials from neurons in the magnified view of data (right). (c) Optical images
of soft tissue-like electronic dura mater (e-dura) capable of electrical stimulations as well as drug delivery for injuries related to the nervous system. Materials
constituting the system include microcracked gold film for interconnects (top right), composite of platinum nano- and microparticles for electrodes/contacts
(bottom right), and a silicone rubber for the substrate. (d) Comparison of response to the electrochemical stimulations from implanted e-dura, with severely
injured spinal cord in a rat. Measurement recording signals from walking tests represent obvious recovery capability with (left)/without (right) electrochemical
stimulation, from flexor/extensor muscle and hindlimb movements.
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and system configuration is that mechanical forces applied to a pressure sensor
introduce electrical signals that convert to light pulsations by organic oscillator
and edge detector, navigating through an optical fiber. The delivered light pulses
at particular frequency range induce action potentials as firing light-responsive
neurons in a brain slice, and the resulting evoked potentials were achieved by a
commercial patch clamp demonstrating the feasibility as an optogenetic tool.
This procedure emulates a complex system of nerve cells (sensory receptors),
that is, somatosensory system, responding to variation at the external or internal
state of the body via sending/receiving signals to/from the brain. The correlation
between pressure and frequency was supported by conforming experiments,
such as voltage versus frequency and impedance, which experimental values
are consistent with numerical analysis. Figure 14.5b presents simultaneous
changes in measurement in correlated numerical values and an evaluation
of their relationship. Time-dependent stepwise increase of externally applied
pressure causes the frequency of the output potential to gradually increase as a
function of time, and the transmitting voltage at periodic interval plays a role of
stimulating neurons in an acute slice of somatosensory cortex leading to narrow
spiking activity of the cell potential. The magnified view (inset on the right) of
measured output voltages and cell potentials indicates that both properties are
well correlated with each other.

Elastic modulus of elements in medical implants is one of the key parameters
since the magnitude of interfacial strains between soft biological tissues and stiff
electronic elements often have probability of contributing to aggravate inflam-
mation or other side effects at implantation sites, particularly for a long-term,
continuous monitoring system. Figure 14.5c¢ suggests a model of medically
useful implantations to minimize the above-mentioned issues by adjustment of
shape and elasticity inspired from dura mater—the tough fibrous layer covering
the brain and spinal cord and lining the interior surface of the skull [35]. The
electronic dura (E-dura) consists of gold electrodes coated with a composite
of platinum and elastomer for electrical stimulation as well as for monitoring
physiological states and microfluidic channels for delivery of drugs at topical
and specific sites, and interconnects onto a thin sheet of elastomer. Magnified
images of microstructure of a microcracked gold layer and a composite of
platinum-elastomer in the inset. This type of soft engineered neuroprosthesis
enables to testify multiple functions and advantages over nonelastic implants via
several experiments for brain-related injuries. Such tests including the motion
of a body, biological reconstruction, inflammatory responses and mechanical
models show superior properties of the soft implant compared to those of
stiff ones. Comparative characteristics were achieved by using three different
models: no implants, soft materials-based implants, and hard materials-based
implants, implanted beneath the dura mater (subdural) of lower back region
(lumbosacral region of the spine) in a rat. During 6 weeks implantation, the
assessment of the resulting behaviors based on the capability of the movements
showed that the animal model with stiff implant exhibited abnormal locomotion
including improper steps on the ladder, while the animal with soft implant
did not show any unusual gaits as similar to the control model. The study to
investigate biocompatibility revealed inflammatory response with stiff implant,
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indicating significant increase in the density of microglia and astrocytes.
Exploration and scope for development of the soft electronic dura system can
be extended to stimulation, recording, and drug delivery associated with the
brain and spinal cord. For example, an e-dura system integrated with a light
source can provide spatio-resolved information on ECoG through activating
particular neurons at local sites, and a similar device implanted near the spinal
cord measured electrospinogram via electrical stimulation of the motor cortex.
Advanced multifunctional system also offers a strategy that is useful for disabling
injury such as paralyzed legs. Evaluation of comparison results as shown in
Figure 14.5d represents that electro-chemical stimulations using stimulating
electrodes and drug delivery circuit delivered dramatic changes in measured
potentials through several activities, indicating that mechanically soft implant
is a desired approach for the restoration of the central nervous system-related
malfunctions.

14.7 Skin-Like Electronics/Optoelectronics

Figure 14.6a shows an array of mechanically flexible and integrated sensors for
multiplexed perspiration analysis via measurements of sweat metabolites (e.g.,
glucose, lactate) and electrolytes (e.g., sodium, potassium ions) in a simultane-
ous and selective manner, as well as the skin temperature as a calibration factor
of the sensors [44]. This smart wristband system involves two main parts: (i) mul-
tifunctional, wearable electrochemical sensors and (ii) a commercially available
silicon-based components on a pliable printed circuit board. A skin-like wear-
able electrochemical sensor was formed by deposition, pattering, and etching of
electrodes (Au for working electrodes, Ag/AgCl for reference and counter elec-
trodes) with selected materials on a plastic substrate of polyethylene terephtha-
late (PET), incorporated with appropriate surface treatments of enhancement of
responses to ions and analytes of interest (e.g., Na+, Ka+, glucose, lactate). A
flexible integrated circuit board was installed with diverse commercial modules,
such as a filter, amplifier, inverter, microcontroller and bluetooth transceiver to
exploit signal processing/transduction as well as wireless data transmission, as
a real-time monitoring of physiological conditions of human subjects. Charac-
terizations of various concentrations, temperatures, and other conditions with
sensing materials verify the performance of individual sensor components for
long-term continuous monitoring of physical/chemical states. Practical experi-
ments in Figure 14.6b were performed to evaluate the operation capability of a
smart wearable system mounted on the head (i.e., “smart headband”) during out-
door group running. In this case, the mounted smart headbands were applied to
two different groups: one that ran with water intake (top), the other without water
intake (bottom). Real-time measurements of concentration level of electrolytes,
Na* and K%, in the perspiration of test subjects provide gradual increase of ionic
concentration of sodium at the time scale of 50005, but not obvious changes in
the case of potassium ions. The result is that dehydration is quite relevant with
increments of both sodium and potassium ions, which is consistent with a previ-
ous study [76].
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Figure 14.6 Skin-like electronics/optoelectronics. (a) Demonstration of a smart wearable
wristband for a real-time, wireless integrated healthcare monitoring system. The wristband
consists of an array of multifunctional sensors to measure various analytes (glucose, lactate,
sodium, potassium) in perspiration and skin temperature, and commercial electronic
components-based flexible printed circuit board. (b) Comparison of real-time plots of sodium
concentrations for tracing hydration/dehydration levels from flexible sensor arrays during
group outdoor running, in the case of water intake and no water intake. (c) lllustrations of
ultrathin, flexible polymer light-emitting diodes (PLEDs) laminated onto human skin with
conformal contacts, capable of displaying user’s health conditions and other information
received from integrated sensors. Representative examples of device functionality exhibit a
blue logo and red number (inset) with external power connections. (d) Electrical
characterizations of different oxygen concentrations in blood through organic photodetectors
(OPDs). Light emissions from green and red PLEDs reflected from blood, which depends on
the concentration of oxygen in blood (top, 99%: bottom, 90%). (e) Schematic description of a
soft, stretchable electronic robot that is capable of displaying color differences in response to
changes of pressure. This soft robot includes an actuator system (pneumatic chambers with
strain limited layer) for a locomotion that leads to changes of capacitances to display the
robot’s status or surrounding conditions. (f) A series of optical images to describe soft robot’s
locomotion with independent color segments. As underlying pneumatic chambers are in
inflation/deflation states, top layers including electroluminescent layer become
stretched/expanded leading to increase of illuminance of the system.
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Figure 14.6¢ represents images of ultrathin optoelectronic skin sensors that
are able to attach easily to the human body (the cheek; the hand in the inset)
with their superior mechanical properties [45]. Representative examples of ana-
log/digital displays consist of several independent segments that are capable of
indicating various information on different combinations of color and intensity.
The entire thickness of this system is in a range of a few microns, enabling to
mount on almost any type of surface and shape without any mechanical/electrical
impairs. Demonstration platforms include a conjugated polymer-based polymer
light-emitting diodes (PLEDs) with three different colors of red, green, and blue,
and semiconducting polymers-based organic photodetectors (OPDs) on an
extremely thin parylene substrate (thickness, ~1 pm), and integration of those
elements formed a pulse oximetry via emission and detection of the lights. A
number of characteristics of fabricated circuits were evaluated under ambient
conditions and mechanical deformations, providing long duration, reliability,
and less variation in stable function. A blood-oxygen monitor was realized
by placing a reflective pulse oximetry at a fingertip, and it was observed that
absorption of two different wavelengths of light emitted from PLEDs (i.e., red
and green) was different between oxygenated and deoxygenated hemoglobin,
allowing photodetectors to respond to different intensities of reflected lights.
Irradiation of the red and green light alternately turns on and off in regular
sequence, thereby the amount of both reflected lights is separately detected
by photodetectors. The measured oscillating amplitudes of a red light in time
domain (Figure 14.6d) exhibit that electrical potentials proportionally decreased
with reduction (99-90%) of peripheral oxygen saturation (S,0,), verifying
detection capability of blood occupied or unoccupied with oxygen. Similar
behavior was observed by using green LEDs, supporting that PLEDs-based
pulse oximetry approach is useful for recording the level of oxygen saturation in
clinical use.

Beyond current wearable electronics, soft robots incorporated with intelli-
gent features are able to do many things that existing systems cannot. The skins
inspired from nature, such as various marine mollusks of the class of cephalopods
(e.g., octopus, squid, cuttlefish) have fascinating properties containing highly
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flexible/stretchable and color-variation components for self-preservation, that is,
camouflage systems. Figure 14.6¢ illustrates a schematic description of materials,
design layout of a locomotive, electroluminescent soft robot [46]. The structure
consists of (i) a hyperelastic light-emitting capacitor (HLEC) that is capable of
changing illuminance and capacitance in response to mechanical deformations
during locomotive actions. ZnS-embeded dielectric elastomer serves as an emit-
ting layer, sandwiched by top and bottom electrodes with ionic hydrogels made
of aqueous lithium chloride (LiCl) for conductor and polyacrylamide (PAM)
for elastomeric matrix. These materials are well known for high conductivity
and ionic strength, and for transparency and toughness [77]; (ii) a connec-
tion of fluidic chambers for actuation and composite-materials-embedded
extension-limited layer [46]. Pneumatic chambers are inflated and deflated by
external fluidic stimuli, which is restricted by the strain-limiting layer, inducing
outward bending moments for undulating movements. This reaction mechanism
was exploited to form mobile ability of a soft robot with colorized segments
as a series of sequential images as illustrated in Figure 14.6f. Evaluations
of electro-mechanical properties were performed to clarify the correlation
between mechanical deformations and electrical capacitances. Since pres-
sure changes from actuation and/or touch induces associated deformations in
dielectric elastomer layers, alternations in dimensions (shared area between con-
ductive and dielectric layers, and thickness of a dielectric layer) lead to changes
in capacitance. The resulting properties could be applied for sensitive artificial
skin system for displaying personal physiology conditions and communicating
with prosthetics by converting mechanical movements into electrical signals.

14.8 Transient, Bioresorbable Systems

A class of silicon electronics that is water soluble and biocompatible, opens up
completely new opportunities for semiconductor devices with regard to a new
kind of implantable medical device designed to accelerate wound healing and
prevent infection, and then to be completely resorbed into the body after serving
its function [56—58, 78, 79]. Figure 14.7a represents exploded, graphic images of
a transient piezoresistive pressure sensor with a magnified view of the critical
sensing region in the inset [78]. The key design concept of the whole system
involves the configuration of the diaphragm (most widely used microelectrome-
chanical systems) to enhance mechanical/physical responses to forces, vibration,
heat, fluid flow, and other effects of possible surroundings, whose constituents
include diverse biodegradable components and materials. The supporting layer
of nanoporous silicon (60—80 pm thick; ~70% porosity) contains a vertical cavity
in a square geometry (depth, 30—40 um), which is covered by a thin sheet of
poly(lactic-co-glycolic acid) (PLGA, thickness ~30pm) via sealing procedure
at increased temperature. In a separate procedure, the meander element and
electrodes of highly doped silicon nanomembrane (Si NM, ~300nm), and
deposition/pattering of evaporated silicon dioxide layer (SiO,, ~100 nm) forms
active sensing components with connection pads. Transfer printing of these
layers to an edge of the air cavity leads to mechanical deformations of the
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Figure 14.7 Transient, bioresorbable systems. (a) Exploded view illustration of a flexible,
bioresorbable electronic system, based on ultrathin silicon nanomembranes (Si NMs),
nanoporous silicon, silicon oxide, and poly (lactic-co-glycolic acid) (PLGA). The system utilizes a
thin diaphragm structure with a piezoresistive component to maximize chemical, mechanical
responses. Inset shows a magnified view of active component, Si NM, in optimized position of
the trench. (b) Comparison of measured intracranial pressures as a function of time via a
commercial sensor with a transient monitor. The recorded pressure from both sensors
indicates that the performance of implanted wireless, transient brain sensors is comparable to
that of a commercial sensor (blue, commercial ICP sensor; red, transient ICP sensor). (c) Optical
images of an array of actively addressable, multiplexed bioresorbable neural electrodes for
recording high spatiotemporal electrocorticography (ECoG) signals. The actively controlled
region of 8 x 8 cells includes 128 n-channel Si NMs-based transistors for operating the whole
system as well as measuring neural signals, which connects to 64 channels through ACFs to
communicate external peripheral circuits. The inset shows a magnified view of Si active device
region. (d) Spatial color maps indicating measured locations of relative, evoked potential via
the neural recording array after stimulating the barrel cortex. Each map exhibits good
agreement in between stimulated coordinates of barrel cortex and locations of evoked
potentials by a bioresorbable ECoG array.

serpentine Si resistor induced by PLGA membrane deflections. The position of
a piezoresistive sensing element is critical to achieve maximized sensitivity from
which the underlying mechanics can be predicted by numerical calculation and
finite element analysis (FEA). The evaluated results reveal that highest strain
in response to diverse pressure alterations arose at the middle of both sides of
the edge (left or right) in the trench, based on principal strain distribution as
well as displacement in the vertical direction. Implantation of this piezoresistive
sensor into the intracranial region of a rat model allows to record both pressure
and temperature variations in real time, connected with the wireless connector
placed on the top surface of the skull. Wireless connections of the implanted
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device can be obtained from embedding biodegradable molybdenum wires
(~10 pm thick) to the PLGA sheet (except the top surface of the wires) at the
near glass transition temperature (65 °C), followed by Mo evaporation (~2 pm
thick) to allow formation of electrical contacts between silicon nanomembranes
and the Mo wires. Additional encapsulation layers of PLGA film were applied
to the top and bottom side of the Mo wires to enhance electrical insulation.
These insulated Mo wires enable to electrically couple the implanted sensor
system in the intracranial space with an externally located, miniaturized wireless
potentiostat for data transmission. Figure 14.7b illustrates the comparative
results of measured intracranial pressures (ICP) using a home-made transient
sensor with a commercial product during periodic abdominal compression.
Pressure spikes at periodic intervals from ICP correspond to the number of
stimulations of abdominal region, and the peak values of wireless, transient ICP
monitor are accurately matched to the values determined using a wired-type,
clinical probe implanted at the same location. Mild changes in position and/or
posture generate gradual increase/decrease of pressure and temperature, such
as Trendelenburg (30° head-down position) and reverse Trendelenburg (30°
head-up position), and temperature alterations using a heating or cooling
blanket. An injectable type of similar subsystem in the intracranial place with
slight modifications provides needle-like electrical probes to record various
physiological parameters in the deep brain tissue that cannot be addressed
by electrodes or sensors mounted on the brain tissue. The output pressures
and temperatures measured by bioresorbable penetration sensors are in well
agreement with those attained by commercial sensors.

Another type of a highly advanced, elaborated biodegradable electronic system
offers active multiplexing neural interfaces based on an array of actively address-
able n-channel metal-oxide-semiconductor field-effect transistors (MOSFETsS),
as shown in Figure 14.7c with a magnified image of active region in the inset
[79]. The complete biodegradable neural probes comprise 128 n-type transistors
with highly doped silicon nanomembranes for semiconducting materials,
molybdenum (Mo) as conducting electrodes (source, drain, and gate contacts)
and interconnects, SiO, (~100 nm) for gate dielectrics, and PLGA for supporting
sheets (substrates). Additional layers of SiO,/Si;N,/SiO, provide ILDs, second
metal of molybdenum (Mo) serves as interconnects, and another combination
of Si0,/Si;N,/SiO, forms protective layers. The design layout with an efficient
minimum number of readout wires envisions a scalable approach toward
silicon-based industrial circuits with the switching and peripheral transistors for
large-area and multiple-channel coverage. The electrical properties of a typical
transistor exhibit high mobility of ~400 cm? V™1, on/off ratio of >1077, and stable
input/output potential responses as a sine wave during ix vitro experiments in a
aqueous buffer solution (pH 7.4). Dissolution behaviors in various environments,
and in vitro and in vivo toxicity information of individual electronic components
have been well studied in previous articles [80, 81]. Implantation of fabricated
8 x 8 array of transient neural electrodes to the brain provides diverse research
opportunities. The colorized maps obtained from the surface of the barrel cortex
in Figure 14.7d illustrate the spatial distribution of amplitudes of the evoked
potentials that arose from stimulation of predetermined, relative locations at
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whiskers. Time-resolved somatosensory evoked potentials (SSEP) can also be
achieved by stimulating the estimated locations in rectangular coordinates of
whiskers, therefore, those measured evoked potentials at the cortical surface
are well matched with the corresponding locations of the stimulated whiskers
as a barrel cortex. In addition, implantation of the neural probes at the left
side (hemisphere) of the brain could observe various epileptic activities such
as clockwise spiral, lower-right to upper-left diagonal, upper-left to lower-right
diagonal and right-to-left sweep, with spatiotemporal propagation amplitudes
and patterns.

14.9 Conclusion and Outlook

Advances in technology innovation provide new options, directions, and founda-
tions for coupling electronic devices with biological systems to realize effective
management of human disease and health. Experimental studies on all aspects
of synthesis and processing of materials including the chemistry of composites
offer unique insight into the mechanical/electrical properties. Theoretical mod-
els supporting fundamental principles of structural, geometrical and engineering
strategies incorporated with optimized fabrication procedures enable to achieve
capabilities of intimately integrating with soft, curvilinear shapes/surfaces of the
human body, which is unlikely to be attained with wafer-based, existing hard elec-
tronics. Extensive range of electronic components, from individual modules to
forefront system-level devices, demonstrates electrical performance and reliabil-
ity, and mechanical durability in unusual formats.

Future research directions need to focus on the discovery of new materials
and/or synthesis for enhanced materials properties, and robust, cost-effective
manufacturing procedures. Biocompatible and biodegradable materials/devices
for long-term use and minimum interventions will be required. Challenging
research areas might include development of ways to control artificial limbs
(prostheses) and to communicate with the brain and nerves via electronics, as
well as soft robots installed with equipment for sensory feedback.
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15.1 Introduction

“The brain is an extremely complex system.” The current understanding of how
the brain works is very poor, making it difficult to discover effective cures for
brain diseases. One way to increase the knowledge about the brain is to explore
the activity of a large number of neurons within the brain tissue.

Neurons, which are excitable cells in electrochemical signals, are the signaling
unit of the nervous system. A typical neuron has four regions: cell body,
dendrites, axons, and presynaptic terminals. The cell body (or soma) has a
diameter > 50 pm, while the axon in the central nervous system has a diameter
of 0.2-20 pm (Figure 15.1) [1]. Optical, magnetic, and electrical measurement
methods have been proposed to observe neuronal activities [2]. Since the spatial
and temporal resolutions of invasive electrical measurements [electrocorticog-
raphy (ECoG), local field potentials (LFPs), and single-neuron action potential
recordings (single units or spikes)] are better than the noninvasive methods
[e.g., electroencephalography (EEG) and functional magnetic resonance imaging
(fMRI)] (Figure 15.2) and the system can be minimized (microelectronics,
wireless system), electrical measurement can be applied for in vivo recordings
such as free moving measurements and brain—machine interfaces (BMI).

Neurons in the nervous system communicate with each other via electrical sig-
nals, called action potentials. The recording amplitude of the action potential is
<100mV in intracellular (inner cell) recording and <1 mV in extracellular (outer
cell) recording methodologies with a frequency of approximately 1kHz. Using
microscale extracellular electrodes, the synchronized electrical activity of either
neuron ensembles (field potentials, FP) or single neurons (single units or spikes)
can be detected.

Advances in microelectrode technology using microelectro-mechanical
systems (MEMS) offer new possibilities to realize high spatial resolution map-
pings of the electrical activity within a tissue in vitro and in vivo, allowing the
neuron network to be explored [3, 4]. The section reviews recent advances in
MEMS-processed microelectrode devices with a focus on flexibility, which is a
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Figure 15.1 The structure of a neuron. A typical neuron has four regions: cell body, dendrites,
axons, and presynaptic terminals. (Kandel et al. 2012 [1]. Reproduced with permission of John
Wiley & Sons.)
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Figure 15.2 Spatiotemporal resolutions of noninvasive methods [e.g., EEG, fMRI, and
magnetoencephalography (MEG)] and invasive electrical measurements [e.g., optical imaging,
ECoG, LFPs, and single-neuron action potential recordings (single units or spikes)].

powerful feature to realize highly biocompatible and low-invasive tools for use in
biological tissues with three-dimensional (3D), deformable, and soft properties.

15.1.1 Neuronal Signal Recordings

The signal quality in a neuronal recording such as the spatiotemporal resolution
and the signal-to-noise ratio (SNR) is an important characteristic of a recording
device for subsequent signal usages, including epileptic seizure detection and
BMI technology [5]. Because the signal source originates from a neuron within
brain tissue, the signal quality significantly depends on the recording method-
ology (distance from the signal source) and the electrode device (geometry,
electorate—electrode interfacial impedance, etc.).

Extracellular electrical recording of brain activity is categorized into four
primary modalities: EEG, ECoG, LFPs, and single-neuron action potential
recordings (single units or spikes) (Figure 15.3). Although nanotechnology has
significantly contributed to intracellular recordings, the section here focuses
on extracellular devices, which offer stable and long-term (chronic) recording
applications. Reviews of intracellular devices employing nanotechnology can be
found in the literature [6].

15.1.1.1 EEG
As a safer methodology, noninvasive EEG recordings are used to detect brain
activity. Millimeter-scale electrodes placed on the scalp can detect the EEG signal
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Figure 15.3 Extracellular electrical recordings of brain activities categorized into four primary
modalities: EEG, ECoG, LFPs, and single-neuron action potential recordings (single units or
spikes).

generated from a large neuronal population of synchronously active neurons. In
a human, the scalp is 2-3 cm away from the cortex, providing an EEG signal with
a spatial of ~3 cm. A normal human EEG signal shows activity between 1 and
30 Hz. The signal amplitude is in the range of 20-100 uV [1]. These frequencies
have been divided into several groups: alpha (8—13 Hz), beta (13—-30 Hz), delta
(0.5—4 Hz), and theta (4—7 Hz) [1]. EEG recordings are most often used to diag-
nose epilepsy, which causes abnormalities in the EEG readings.

15.1.1.2 ECoG

Invasive ECoG electrode technology can provide a higher spatial and temporal
resolution of the brain activity than EEG. The ECoG electrode is placed directly
on the cortical surface and detects the signal of synchronized neuronal potentials
(LFPs). Compared to EEG, the ECoG signal is composed of higher frequencies,
ranging from alpha to high-gamma (8—100 Hz) with a spatial resolution on the
millimeter order [7]. The signal amplitude of ECoG ranges from hundreds of pV
to 1 mV. ECoG recordings are categorized into two methodologies: outside the
dura mater (epidural) and under the dura mater (subdural), depending on the
application. ECoG signal recordings with a high spatial resolution have been used
in medical applications to detect the location of a seizure, especially in patients
with epilepsy.

15.1.1.3 LFPs and Spikes

LFP (intracortical LFP or depth LFP) and single-neuron action potentials (single
units or spikes) are recorded by penetrating a microscale metal electrode, glass
electrode, or MEMS-based needle electrode into brain tissue. Recording the
signals at a direct current up to ~40 kHz contains both the action potentials and
other membrane potentials such as the synaptic potential [8]. LFPs are typically
band-pass filtered (e.g., 300 Hz—5kHz [7]). Lower-frequency LFPs reflect the
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action potentials in many neurons, but do not reflect spikes in a single neuron,
which is an individual action potential with a higher frequency (500 Hz—1 kHz
[1]). Electrodes typically have recording sites with 10—-50 pm diameters, and
the needle (or shank) lengths are 1-5 mm. Because the electrode located near
neurons detects neuronal activities, LFP and single-neuron action potential
recordings provide spatial resolutions of <1 mm and <0.2mm [7], respectively,
while the signal amplitudes are <1 mV.

15.1.2 Electrode Materials

Electrode materials must have a low impedance for the neuronal recording or
safe reversible charge injection for stimulation applications. Biocompatibility is
also required for long-term (chronic) recordings and stimulations. Candidate
materials for the recording electrode include stainless steel, tungsten, platinum,
platinum—iridium (alloy), platinum black, iridium oxide, titanium nitride, and
poly(ethylenedioxythiophene) (PEDOT). Recording electrodes are typically
characterized by their electrolyte—electrode interfacial electrical impedance
measured in saline at 1kHz, which varies from approximately 50kQ to
1MQ [9].

For the stimulation, the electrode is required to mediate the transition from
electron flow in the electrode to ion flow in a tissue. These types of reactions can
be categorized into capacitive or faradaic. Capacitive reactions involve charg-
ing and discharging of the electrode—electrolyte double layer, while faradaic
reactions oxidize and reduce the surface-confined species. Candidate materials
of the stimulating electrode include tantalum/Ta,O; (capacitive), titanium
nitride (capacitive), iridium oxide (faradaic), and PEDOT (faradaic). Stimula-
tion electrodes are typically characterized by cyclic voltammetry, impedance
spectroscopy, and potential transient measurements [9].

15.1.3 Electrode Impedance in Neural Recordings

The electrical impedance of the recording-site is an important electrode char-
acteristic for neural recordings, especially for high impedance microelectrode
devices (e.g., >1 MQ at 1kHz) connected to a recording buffer amplifier via a
cable line. Because the electrode and embedded parasitic impedances in the
recording system construct the voltage divide configuration, both the detected
neural and phase delayed signals are attenuated [10, 11].

The parasitic impedances are explained by considering the parasitic capaci-
tances of a microelectrode device and the cable line between the device and the
external buffer amplifier.

Figure 15.4 shows an equivalent circuit of the recording system in extracellular
neural recordings. Z, is the metal—electrolyte (electrode—saline) interfacial
impedance at the recording site (microelectrode), which consists of the spread
resistance (R;,), charge transfer resistance (R.), and constant phase element
(CPE) shown in Figure 15.4. CPE is defined as

1

CPE =
(joQ)"

(15.1)
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Figure 15.4 Equivalent circuit model of the recording system in extracellular neural
recordings.

where Q is the measured magnitude of CPE and # is a constant parameter that
depends on the inhomogeneous surface of the electrode. C,, is the parasitic
capacitance of the microelectrode device between the metal interconnection
and the electrolyte. C},,. is due to the recording cable from the electrode device
(e.g., device-bonding pad) to the external buffer amplifier. The detected signals
during a neural recording can be calculated using the voltage divide configuration
of the recording system as

VEout (]C()) _ ZP

H(jw) = - 15.2
Vo) =y = Zo+ Z, (15.2)
Ra
7 = - (15.3)
P joR,(Cpy + Cipe + C) +1

where Vi, (jo) is the input signal, which is the voltage due to the extracellu-
lar neural activity. V¢, (jo) is the output signal obtained as the input voltage
of the buffer amplifier through the electrode device and the cable line. Z, is the
shunt impedance. The configuring parasitic capacitances (C,,, and Cy;,.) and input
impedances of the buffer amplifier (R,, C,) are defined in Eq. (15.3). The transfer
function in a neural recording H(jw) is expressed as

Hi )_ VEout(jw) _ |H . )l H( )_ |ZP| { (9)+ P (0)}
(o) = —ng(jw) = |H(jw)| arg H(jo) = —|Ze+Zp| cos J sin
(15.4)
o WVeGo)l 12,
H = = 155
O = VGl ~ 12+ 7, 1o
0 = arg H(jw)
Im(Z,)Re(Z,) — Re(Z,) Im(Z,)
(15.6)

- Re(Z,)(Re(Z,) + Re(Z))) + Im(Z,)(Im(Z,) + Im(Z,))
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The absolute value of the transfer function H (jw) depicted in Eq. (15.5) indicates
that the output/input signal amplitude ratio depends on the microelectrode’s
impedance (Z,) and the system’s embedded parasitic impedance (Z,,). In addition,
Eq. (15.6) indicates the delays in the output/input signals. Both the amplitude
attenuation and delay of signal should be minimized to record neuronal signals
without the signal degradation. System noise due to the recording system should
also be minimized for a high SNR.

15.2 Flexible Needle Electrodes

MEMS fabrication technology can minimize the neural recording needle elec-
trodes [3, 4] for high spatial resolution and low-invasive recordings of neuronal
signals. Microscale-needle electrodes penetrated into a tissue record both LFP
and spikes; a spike shows a greater spatiotemporal resolution (~100 pm for spa-
tial and ~1 ms for temporal resolution) compared to other types of signals (EEG,
ECoG, and LFP). However, since a stiff needle shaft induces large tissue dam-
age (see Section 15.5.1), which limits the long-term recording ability, the needle
portion of the electrode should be flexible.

In 2001, Rousche et al. proposed the flexible polyimide-based penetration elec-
trode (Figure 15.5) [12]. Gold/chromium were used and patterned as the elec-
trodes and interconnections. The thickness of the substrate was less than 20 pm.
The device had two electrodes on one shank.

This configuration may realize re-growth of the astrocyte through the device for
implanted device stabilization. Firstly, a planar device is fabricated and released
from the silicon substrate. Then, a 3D structure is formed by folding to form
the penetration electrodes. Since the device substrate lacks sufficient stiffness
for penetration, a pial incision was created by a scalpel or a 100-um-diameter
tungsten needle for device penetration.

As a unique fabrication process of a 3D penetration electrode, Takeuchi et al.
proposed a flexible electrode device, which can be folded with a magnetic field
(Figure 15.6) [13]. Their probe has a total thickness of the polyimide substrate
and a probe length of 25 pm and 1.2 mm, respectively. Their device has a nickel
layer underneath the insulator of the electrode. By applying a magnetic field, the
probes stand up toward the magnetic field with magnetizing nickel, where the
strength of the magnetic field can control the bending angle (e.g., 380 mT for
90°). In animal experiment, their device was inserted into the cortex of a rat after
peeling back the dura matter. Then the neural signals were recorded through the
electrodes (20 pm X 20 pm, 200 pm spacing). The electrode can easily be inserted
by pushing the polyimide substrate because the nickel layer has sufficient strength
for insertion. However, nickel is a toxic material. The authors claim that, in future
work, the nickel layer can be covered with a good biocompatible material (e.g.,
parylene).

Cheung et al. also proposed a flexible needle electrode (Figure 15.7) [14]. They
used 15-pm-thick polyimide as the main material of the substrate and integrated
16 channel electrodes. The device was implanted into brain tissue, and neural
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Figure 15.5 A polyimide-based flexible intracortical needle-electrode array. (a) The
interconnect system in place on the backside of a 12-pin Microtech connector. The integrated
polyimide cable (large arrow) leads from the device, while the single traces (small arrow) break
out to individual connector posts. (b) A six-site, three-shaft device with an “S"-curve for strain
relief engineered directly into the cable (Scale bar, 1.5 mm). (c,d) A 2D structure (c) (scale bar,
1.5 mm) and a similar structure “bent” into a 3D configuration (d). (€) Schematic views of the
layered construction used in the manufacture of a polyimide electrode array. (f) View of a
prototype single-shaft electrode array without an integrated cable “flexed” against a mirrored
surface. (g) A continuous six-second sample showing multiple unit activity recorded from rat
whisker barrel cortex from one site of a polyimide electrode array (site size 40 pm x 40 um) [12].

signals were recorded through the electrode array. This device reduces the tissue
reaction (glial fibrillary acidic protein, GFAP), confirming the low-invasive device
structures. In this case, the substrate shows sufficient stiffness for the device pen-
etration without guides.

In 2015, Liu et al. proposed another type of penetration electrode array with a
mesh structure for flexibility (Figure 15.8) [15]. It can be contained in a syringe
and injected into brain tissue. They used SU-8, chromium/gold, and platinum
for the mesh substrate, metal interconnection, and exposed electrodes, respec-
tively, while the total thickness was ~1 pm. The best width of the mesh structure
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Figure 15.6 A 3D flexible mulichannel polyimide needle electrode array fabricated by
magnetic batch assembly process. (a) Schematic illustration of a flexible multichannel 3D
needle array. (b) 2D planar needles of polyimide formed to 3D needles by the magnetic batch
assembly process. (c) Photos of the bending experiment. Photos of a fabricated needle array:
(d) the needle array with 2 cm interconnection cable, (e) front and back side of the array before
folding, (f) 3D flexible needle array after folding, and (g) recording pads, (h) photos of an
insertion experiment: after the electrode insertion to rat’s brain, and (i) the inserted regions
after the detachment of the needles by tweezers. (j) Neural signals (spontaneous action
potentials) recorded via the flexible needle array. The needle array was inserted to the rat's
visual cortex [13]. Takeuchi et al. 2004 [13]. With permission from IOP PUBLISHING, LTD.
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Figure 15.7 A flexible needle electrode by Cheung et dl. (a,b) Images of the microfabricated
needle structures. The needle thickness is 15 pm. Each electrode is a circle of 25 um diameter.
The polyimide is transparent and the overlapping stacked metal lines are visible. (c) A micro
surface-mount connector is soldered to the polyimide needle. (d) During recording, the
microelectrodes are connected to a head-mounted preamplifier, which is mounted on the
distal end of the recording cable and main amplifier. (Cheung et al. 2007 [14]. Reproduced with
permission of Elsevier.)
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Figure 15.8 Syringe-injectable flexible mesh electronics. (a—c) Schematics of injectable
electronics. (d) Bright-field microscopy image of the electronics immediately before injection
into solution. (e-g) Injection of mesh electronics into aqueous solution (ef), (g) Optical image
of a 15 mm total width mesh electronics partially injected through a 20 gauge (ID = 600 pm)
needle into solution, (h,i) Schematic and optical image of in vivo stereotaxic injection of mesh
electronics into a mouse brain. (j) Acute in vivo 16-channel recording using mesh electronics
injected into a mouse brain. (Liu et al. 2015 [15]. Reproduced with permission of Nature
Publishing Group.)
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was characterized by glass pipettes with different inner diameters. They demon-
strated a syringe injection of the mesh electronics into a PDMS and/or Matrigel
and used a syringe to inject mesh electronics into live rodent brains. The neu-
ronal signals were recorded from 16 electrodes, and the GFAP and NeuN, which
is a marker of neurons, were observed to be similar to the background. Since the
flexibility of the substrate is closer to the flexibility of the tissue, the mechani-
cal trauma is minimized due to the relative motion between the probe and sur-
rounding tissue. In addition, they demonstrated that the nanowire FETs can be
integrated on the same substrate.

15.3 Flexible ECoG Electrodes

ECoG recording affords a low-invasive way to record the neuronal activities
from cortical surfaces and is used in medical applications such as diagnostics
of diseases (e.g., epilepsy) and BMI. The conventional device consists of a
silicone-based ECoG-electrode array. However, device implantation is problem-
atic because the electrode has a thick substrate (e.g., ~800 pm) and must be large
enough for mechanical stability. Issues include brain compression, difficulty
in applying to an animal brain, low flexibility, and low spatial resolution of
the ECoG signals. Recent advances in neuroscience employ microscale ECoG
(micro-ECoQ) electrode arrays fabricated by MEMS technology.

In 2009, Rubehn et al. proposed a MEMS-based flexible ECoG-electrode array
[16] with 252 electrodes (1 mm diameter with 2, 2.5, and 3 mm pitch) on 14 “fin-
gers,” which were patterned to realize flexibility to fit onto a three-dimensionally
spherical brain surface (Figure 15.9). A 300-nm-thick platinum layer was sand-
wiched between polyimide layers for a total thickness of about 10 pm. This elec-
trode was packaged with solder paste and implanted on a monkey’s brain. Then
the ECoG signals were detected from each electrode for 4.5 months.

Toda et al. proposed a parylene-C-based micro-ECoG electrode array
(Figure 15.10) [17]. Parylene-C was selected as the substrate due to its bio-
compatibility. After gold patterning, subsequent parylene-C deposition and its
patterning, platinum black was formed with electrical plating on the electrode
sites (50 pm X 50 pm, 1 mm spacing). This electrode device with a mesh struc-
ture has three advantages. (i) The substrate flexibility can be increased for a
three-dimensionally curved spherical brain. (ii) The device is prevented from
disturbing an exchange of biological materials. (iii) Other penetrating electrodes
can be inserted through the mesh structure to record the neuronal signals from
a deep site and the surface of the brain simultaneously. By using this electrode
device, the ECoG signals were recorded from rat brain acutely. Additionally,
neuronal signals, including the action potentials and intracortical LEPs, were
also recorded to determine the signal sources.

In 2015, Khodagholy et al. [18] proposed an ECoG electrode named
“NeuroGrid,” which has an ultrahigh spatial resolution, for recording action
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Figure 15.9 MEMS-based flexible ECoG electrode array. (a) Layout of the ECoG-array with 252
electrodes on 14 fingers (right), the ribbon cable (middle) and solder pads (left). (b) Picture of a
fully assembled electrode array. The picture also shows a 16-mm-diameter coin for
comparison. (c) Schematic diagram of the flexible foil and its position. (d) Example of local field
potential (LFP) activity observed in 12 of the 252 channels of the ECoG electrode array. LFPs
were recorded in an awake monkey during the performance of a visual task [lower left: layout
of the ECoG electrode array (bold dots represent the electrodes chosen for displaying in the
upper panel), lower right: the power spectrum of 252 channels is plotted in gray and the
average value in black]. (e) Comparison between average and single trials of stimulus-locked
LFPs after implantation surgery. The gray lines represent 35 single trials. The black line shows
the average over the 35 trials. (Rubehn et al. 2009 [16]. With permission from the Nature
Publishing Group.)
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Figure 15.10 A parylene-C based micro-ECoG electrode array with a mesh design. (a) The
device structure showing a 6 x 6 array of gold electrodes (50 pm x 50 pm, 1 mm spacing). (b)
Picture of the fabricated device with a 1-mm-diameter silver-ball ECoG electrode for
comparison. A scanning electron microscopy shows an individual electrode. (c) Experimental
set-up for in vivo recording of multichannel ECoGs from the rat’s visual cortex (Mesh-ECoG). (d)
Epidural placement of a micro-ECoG electrode array and a tungsten microelectrode (white
arrowhead: a single ECoG electrode, black arrowhead: a tungsten microelectrode, arrow: gold
beam for wiring). (e). Visually evoked ECoG signals recorded from the micro-ECoG electrode
array. (Toda et al. 2011 [17]. Reproduced with permission of Elsevier.)
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Figure 15.11 An ultrahigh spatial resolution ECoG electrode array named “NeuroGrid” for
recording action potentials from the surface of the brain. (a) The NeuroGrid conforms to the
surface of an orchid petal (scale bar, 5 mm). Inset shows an optical micrograph of a
256-electrode NeuroGrid (scale bar, 100 pm). Electrodes are 10 X 10 pm? with 30-um
interelectrode spacing. (b) The NeuroGrid conforms to the surface of the rat somatosensory
cortex (scale bar, 1 mm). (c) Optical micrograph of a 256-channel NeuroGrid (scale, 1 mm).
Inset shows an optical micrograph of PEDOT:PSS-based recording sites (scale, 10 pm). (d)
High-pass-filtered (f, = 500 Hz) time traces recorded in a freely moving rat from the surface of
cortex (left) and hippocampus (right) in black. (e) Examples of the spatial extent of extracellular
action potentials in cortex (left) and hippocampus (right) over the geometry of the NeuroGrid
by spike-triggered averaging during the detected spike times (scale bars, 1.5ms x 50 pV).
(Khodagholy et al. 2015 [18]. Reproduced with permission of Nature Publishing Group.)

potentials from the surface of the brain (Figure 15.11). This NeuroGrid, which
contains 10pm X 10pm 256-electrode sites with 30-um interelectrode spac-
ings, is much smaller than other ECoG electrode devices. On the electrode
site, poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate)
(PEDOT:PSS), which shows a low electrical impedance, was used as the interface
material. By using such a low impedance material with a high spatial resolution,
they recorded high frequency signals (>500Hz). Additionally, they recorded
the intracortical spikes/LFPs with penetration electrodes and a NeuroGrid,
which had a hole for the penetration electrodes, to determine the sources of the
spike signals.
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15.4 Functionalities of Flexible Substrates

15.4.1 Active Matrixes

A flexible array of passive microelectrodes, which are individually connected to
the device interconnections, has been used for multichannel recording of neu-
ronal signals. One requirement of future neural recording devices is that the
configuration must have more recording sites with a high spatial resolution. How-
ever, the number of the recording sites is limited by the number of the device
interconnections, which occupy the area in a small device geometry (e.g., mil-
limeter square).

Viventi et al. [19] have overcome this issue by fabricating a flexible active-
matrix-based multisite ECoG electrode array device (Figure 15.12). They
demonstrated a 360-channel high density mapping of the ECoG signals
from cat brain using an electrode size and spacing of 300 pm X 300 pm and
500 pm, respectively. The active matrix circuit design contained two metal-
oxide-semiconductor field-effect transistors (MOSFETs) per unit cell. The
flexible MOSFET was fabricated using single-crystalline silicon membranes
(260 nm thick) [20]. The other materials were polyimide (~1.2pum) for a metal
insulator, epoxy (~4pm) for device encapsulation, and platinum (~50 nm) for
the ECoG electrode. The MOSFET, which was connected to the ECoG electrode,
buffered the neuronal signals, while the other multiplexing MOSFET selected
the electrode in the array.

15.4.2 Dissolvable Films

As a functionality of the flexible substrate, Kim et al. have proposed a dissolv-
able device substrate by using silk fibroin, a water-soluble material (Figure 15.13)
[21]. Silk fibroin, which can be obtained from the cocoons of the larvae of Bombyx
mori, is biocompatible and water soluble with programmable rates. The dissolu-
tion speed of the silk in contact with water is on the order of 50% in volume per
10 min [21]. The dissolution time can be increased to days or weeks using water
or methanol-treated silks [22].

Compared to other film devices such as >2.5-pm-thick polyimide, the
substrate-dissolved ECoG electrodes realize well conformal wrapping on a
spherical brain surface and improve ECoG signal quality (e.g., signal amplitude)
[21]. Other candidates for dissolvable materials include polyethylene glycol
(PEG) [23], which also has high biocompatibility. In addition to dissolvable
substrates, dissolvable silk has been used as a coating material to increase the
stiffness of the penetrating electrodes composed of fragile flexible needle [24].
The silk dissolves after penetration of the flexible needle into a brain tissue.

The concept of a dissolvable substrate has been expanded to entirely dissolving
electronics, which consists of ECoG electrodes, device interconnections, and
MOSEFETs (Figure 15.14) [25]. Materials for the interconnection, recording
site, and interlayer dialectics are molybdenum, doped silicon, and multilayered
silicon dioxide (<300 nm) / silicon nitride (<400nm) / silicon dioxide (<300 nm),
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Figure 15.12 A flexible active matrix-based multisite ECoG electrode array device.

(a) Photograph of a 360-channel high-density active electrode array. (b) Schematic circuit
diagram of single unit cell containing two matched transistors (left), transfer characteristics of
drain-to-source current (I,) from a representative flexible transistor as gate-to-source voltage
(V) was swept (center). Right, /; was plotted as a function of drain-to-source voltage (V)
while V, was varied. (c) Schematic exploded view (left) and corresponding microscope image
of each layer (right). (d) Images of folded electrode array around low modulus
polydimethylsiloxane (PDMS) insert. (e) An active electrode array was placed on the visual
cortex. (f) Left, folded electrode array before insertion into the interhemispheric fissure. Right,
flat electrode array inserted into the interhemispheric fissure. (g) A typical spindle recorded
from a representative channel. Negative is plotted up by convention. Arrows point to
individual spikes of the spindle (I-1V). (Viventi et al. 2011 [19]. Reproduced with permission of
Nature Publishing Group.)



15.4 Functionalities of Flexible Substrates | 397

Array on ~
visual cortex

Folded;array,
before insertion

]

I
I d

500 puVv

500
@ 1 XV "

Figure 15.12 (Continued)



398 | 15 Implantable Flexible Sensors for Neural Recordings

Open skull, Contact, pour Dissolve silk,
(a) prepare electrode saline solution conformal contact
8 .
2.5x%x10 25
£ 20
ST 7 um stiffness
20x108- @ o stiffe:
3 10 2.5 um stiffness
= 5
UJ 0 - - . -~ — -
15x 108/ 0 5 10 15 20 25 30

Silk thickness (um) 7 um

10x 108 -

Bending stiffness (GPa um?)

% 5 10 15 20 25 30
(b) Silk thickness (um)
100 T~ 25x108 -
N k3 20><108' il
% e E ’ al. ®25um
o 60 - " & 15x10% 70
= 8 .
£ 40 ® § 1.0x 10 ®
£ 20 . £ 0.5x107 :
R SN S S S G 0 ] a
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(c) Time (min) Time (min)

Figure 15.13 A dissolvable device substrate by using silk fibroin. (a) Schematic illustration of a
device in an ultrathin mesh geometry with a dissolvable silk support. (b) Bending stiffness of 7
and 2.5 um electrode arrays on silk films. (c) Time-dependent change in the volume of a silk
film during dissolution (left) and bending stiffness calculated for silk (70% ethanol for 5 s)
(right). (d) Pictures of electrode arrays of varying thickness on brain models. (e) Images of
electrode arrays (76 pm sheet in left top, 2.5 pm sheet in right top, and 2.5 pum mesh in bottom
panel) wrapped onto a glass hemisphere. (f-h) Image of an electrode array on a feline brain
(left) and the average evoked response from each electrode (right) for a 76 um (f), 2.5 um (g)
and 2.5 pm mesh (h) electrode array. (i) Representative voltage data from a single electrode in
a 2.5 um mesh electrode array showing a sleep spindle. (Kim et al. 2010 [21]. Reproduced with
permission of Nature Publishing Group.)
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respectively, while materials for the MOSFETs are Mo for the source/drain and
gate electrodes, and silicon dioxide (<100 nm) for the gate dielectrics. Dissolution
times of the electronics in biofluids at 37 °C are approximately 4—6 weeks for
silicon, molybdenum, and the device substrate of poly(lactic-coglycolic) acid
(PLGA), and 6 months for silicon dioxide and silicon nitride. The advantages
of dissolvable implantable electronics include minimizing the invasiveness and
eliminating risks and costs associated with surgical extraction of an implanted
device.

15.4.3 Stretchable Films

Another important characteristic of flexible devices is stretchability, which fur-
ther expands the opportunities of neural recording applications. Biological sam-
ples, including the body, organs, and tissues, have 3D shapes and show large and
rapid changes in the volume and the surface of the sample. To realize a stable
neural recording using microelectrodes (e.g., micro-ECoG electrodes), the film
device must be conformally wrapped on a biological sample by a stretchable film.
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Figure 15.14 Bioresorbable silicon electronics. (a) Schematic illustration of the construction of
a passive, bioresorbable neural electrode array for ECoG and subdermal EEG measurements.
(b) Photographs of bioresorbable neural electrode arrays with four channels (top) and 256

(16 x 16 configuration) channels (bottom). (c) Images collected at several stages of
accelerated dissolution induced by immersion in an aqueous buffer solution. (d)
Representative ECoG signals recorded by the bioresorbable array and the control electrode (1,
15, and 33 days). (e) Schematic exploded-view illustration of an actively multiplexed sensing
system for high-resolution ECoG, in a fully bioresorbable construction. (f) Optical micrograph
images of a pair of unit cells at various stages of fabrication (left) and a picture of a complete
system (right). (g) Left, linear (red) and log scale (blue) transfer curves for a representative
n-channel MOSFET (channel length and width are 15 and 80 um, respectively). Right:
Current-voltage characteristics. (h) Output response of a unit cell with respect to an input sine
wave (200 mV peak to peak) on insertion in aqueous phosphate buffer solution (PBS, pH 7.4,
room temperature). (i) Images collected at several stages of accelerated dissolution of a
system immersed into an aqueous buffer solution. (Yu et al. 2016 [25]. Reproduced with
permission of Nature Publishing Group.)
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Figure 15.14 (Continued)

For example, the surface of in vivo brain shows pulsation-induced movements
and increase/decrease in the volume due to growth and disease of the tissue
(e.g., Alzheimer’s).

One potential strategy to realize stretchable devices is to utilize an elastic mate-
rial as the device substrate, such as polydimethylsiloxane (PDMS), silicone, and
rubber, while the device interconnections deform. For example, Kim et al. have
proposed a balloon catheter device using a PDMS substrate [26]. In addition, a
stretchable conductive interconnection has been realized using an elastic com-
posite material such as single-walled carbon nanotubes (SWNTs) [27, 28] with
100% stretchability and conductive ink such as silver flakes [29] with a stretcha-
bility of ~215%.

A “Kirigami”-based film design further increases the stretchability of the device
substrate. In Japanese culture, “Kirigami” (kiri meaning “cutting”) is an artistic
transformation of a flat sheet/film into a numerous two-dimensional (2D) and/or
3D sculptures through cutting, folding, and gluing techniques. Kirigami designs
have been used in material science and engineering to show ultrastretchable 2D
materials, including graphene [30] and nanocomposites [31].

Morikawa et al. demonstrated a Kirigami-based stretchable film using a
highly biocompatible material of parylene (Figure 15.15) [32]. The film shows
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Figure 15.15 “Kirigami”-based stretchable bioprobe film using a highly biocompatible
material of parylene. (a) Normal state and (b) stretched state of a Kirigami paper. (c) Device
fabrication steps. (d) Photograph of the fabricated device. (e€) Photograph showing
batch-processed device on a silicon substrate. (f) Photograph showing the 50 pm diameter
planar Pt-electrode site in a device connected with a zigzag Pt-interconnection. (g)
Photograph showing a fabricated device [3 x 91 slits design] stretched to 650% by tweezers.
(h) Schematic of the Kirigami device placed over mouse brain tissue. (i) Schematic shows
device placement. (j) Picture shows two electrodes on the visual and barrel cortices while the
device stretched. (k) Recorded signals from the visual and barrel cortices of a mouse’s brain.
Two electrodes detect neuronal activities evoked by visual stimulation and whisker
stimulation, respectively [32].
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a stretchability of ~1100%, depending on the Kirigami (slit) design. Based on
this Kirigami parylene film, an array of ECoG microelectrodes was embedded
into the film and the in vivo recording of ECoG signals from mouse brain was
demonstrated while the film device stretched.

15.4.4 Other Functionalities

Another common issue of flexible devices that are thin (<10 pm) and a large area,
including ECoG electrodes, is addressing difficulties during device placement.
Yamagiwa et al. proposed a way to overcome this by facilitating an actuating film
based on a curled film by sandwiching between parylene-N and -C, which have
different linear expansion coefficients (Figure 15.16) [33]. However, the curled
film is flattened when the film comes in contact with a brain surface due to the
surface tension between the film and the brain surface.

Kim et al. proposed a multifunctional flexible device for optogenetic applica-
tions with four functional layers: (i) a microelectrode for neural signal recordings,
(ii) silicon p-IPD for optical measurements, (3) p-inorganic light emitting diode
(LED) chips for light stimulations, and (iv) a serpentine platinum resistor for
temperature sensors [34]. They used polyester as the substrate. Each layer was
fabricated individually and aligned/stuck using an aligner. The total thickness of
the device was 8.5 pm, and this fabricated device was then adhered on a releasable
base with silk fibroin for the thin device injection.

They demonstrated a wireless power supply for a microscale LED (p-LED) and
measured the temperature while turning on the LEDs. Upon modulating the
p-LED driving method, changes in the temperature associated with p-LED are
less than 0.10°C and the measured power of p-LED is more than 1 mW mm™2.
Finally, the neural recording capability with a platinum microelectrode and
wireless power supply was demonstrated. In addition, optical stimulation with
the integrated pu-LED was demonstrated. The tissue reaction (gliosis) can be
reduced using a p-LED integrated on an ultrathin PET substrate. These results
show that this device is suitable for optogenetic applications.

15.5 Flexible Devices for Chronic Applications

15.5.1 Tissue Damage

Reducing the damage of tissue and neuron allows long-term neuronal activity
recordings and safer device implantation. In the case of needle-electrode
penetration, tissue damage due to penetration and movement of the needle
arrays should be reduced. The damaged area, which is occupied by glial cells, is
proportional to the needle size (cross-sectional area) [35, 36]. Encapsulation of
the needle-electrode site with glial cells makes long-term recordings of neuronal
activities difficult [36].

Tissue damage in rat brain due to implantations of different types of microscale
needles was reported by Szarowski et al. by investigating astrocytes and microglia
for ~12 weeks [36]. They demonstrated that the volume of the reactive tissue
involved in the early stage (i.e., <1 week) is proportional to the cross-sectional
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Figure 15.16 An actuating bioprobe (ECoG) film device. (a) Schematic illustration of an
actuating ECoG film device. Thermally self-curled ECoG device (blue) is flattened on a wet
brain surface by the surface tension between the parylene and the brain. (b) Schematic
illustration of the device substrate consisting of parylene-N and -C with different linear
expansion coefficients. (c) Fabricated curled parylene-N/-C ECoG electrode array with a
curvature radius of ~2 mm. (d) Fabricated ECoG electrode array device sticking to solution
surface. (e) Magnitude and phase of impedance taken from a 1-mm-diameter platinum-ECoG
electrode [33]. (f) Pictures showing an actuating ECoG film device on a brain model
(Yamagiwa, S., et al., unpublished data).



15.5 Flexible Devices for Chronic Applications

area of the implanted needles (Figure 15.17). By investigating the reactions of
astrocytes, microglia, endothelial cells, and neurons two weeks after implanta-
tion, Kozai et al. reported that penetration of a 8.5-pm-diameter carbon-fiber
electrode [7-pm-diameter carbon fiber with a 800-nm-thick poly(p-xylylene)
insulator layer] causes tissue damage in rat brain [37]. Fujishiro et al. evaluated
the distribution of microglia using small diameter needles [11].

Consequently, the needle diameter should be minimized to reduce tissue dam-
age. Furthermore, because the movement of a stiff needle-electrode array in soft
brain tissue enlarges the damaged area (or “kill zone”), the mechanical mismatch
between a stiff needle array and soft brain tissue may be resolved using flexible
materials as the needle shafts.

15.5.2 Packaging Technologies

15.5.2.1 Rivet-Like Electric and Mechanic Interconnections

For the connections between the fabricated thin-film device and other substrates
(e.g., rigid/flexible printed circuit, amplifier/stimulator chip), Meyer et al. pro-
posed rivet-like electric and mechanic interconnections (Figure 15.18a) [38]. The
bonding pad of a flexible thin device had a hole, which makes an intermediary
structure. As the packaging phase, a gold ball was placed on this hole of the
thin-device bonding pad. This ball bonds with both the thin device and the other
substrate electrically and mechanically.
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Figure 15.17 Tissue damage in rat brain due to implantations of different types of microscale
needles. (a) Comparison of devices used in this study. (b) GFAP immunohistochemistry of
tissue slices from brains inserted with the three devices in (a) (Scale bars, 100 pm). Cartoons
depicting cellular responses during (c) early and (d) sustained reactive responses observed
following device insertion. Neurons (pink), astrocytes (red), monocyte derived cells including
microglia (blue), and vasculature (purple) are depicted. (Szarowski 2003 [36]. Reproduced with
permission of Elsevier.)
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Figure 15.18 Packaging technologies for flexible implantable devices. (a) Rivet-like electric
and mechanic interconnections. Top, schematic illustration of the rivet-like electronic and
mechanic interconnection between the thin (15 pm) polyimide flexible ribbon substrate and
the chip underneath. Middle, metallurgic micrograph showing a vertical cut through the
interconnected microstructures. Bottom, SEM image of the patterned polyimide/metal film
with rivet-like ball studs placed in arrays. (Meyer et al. 2001 [38]. Reproduced with permission
of IEEE.). (b) Anisotropic conductive film (ACF) cable. Left, a device is electrically connected to
the ACF cable. The PDMS slabs on the top and bottom are compressed using high
temperature (~150 °C) to bond the ACF cable. Right, the other side of the ACF cable is
connected to a PCB with pin connector [39]. (c) Schematic (left) and corresponding
photograph (right) of the overall process of bonding a flexible cable to the I/O pads. In both
the schematic and photograph, the flexible cable, ACF, and I/0 region of the mesh electronics
are indicated by |, II, and Ill, respectively. (Liu et al. 2015 [15]. Reproduced with permission of
Nature Publishing Group.)
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15.5.2.2 Anisotropic Conductive Paste/Films

Anisotropic conductive paste/films (ACP/ACF) are known to connect the elec-
trical connection pads in an anisotropic manner. Such films have been used to
connect high-density electrical connection pads. Both ACP and ACF are often
used for flip chip bonding. In particular, the use of ACF for electrical connec-
tions between thin-film devices and other cable/printed circuits has recently pro-
gressed (Figure 15.18b,c¢) [15, 39].

15.5.3 Wireless Technologies

Neural recording systems that use wire lines between an implanted microelec-
trode device and an external device can cause infections through the opening
in the skull and the dura. Although the skull can typically be sealed with cement
after surgery, holding the wire and dura in place would be difficult. Consequently,
there is a risk of infection and leakage of the cerebrospinal fluid during long-term
measurements. Therefore, using fully implantable neural interfaces are necessary.

Advances in techniques employed in wireless sensor systems have enabled
the creation of novel biomedical applications. Muller et al. reported a wireless
micro-ECoG system for chronic recordings and wireless transmissions of neural
signals from the surface of the cerebral cortex [40]. The device comprises a highly
flexible high-density polymer-based 64-channel electrode array and a flexible
antenna bonded to 2.4mm X 2.4mm silicon-CMOS integrated circuit (IC) that
performs 64-channel acquisition, wireless power, and data transmission. The
IC consumes 225uW and can be powered by an external reader transmitting
12 mW at 300 MHz.

15.6 Summary

As discussed earlier in this chapter, the brain is an extremely complex system,
and our understanding of how the brain works is very poor. Toward this under-
standing, this chapter has reviewed the recent advances in MEMS processed
microelectrode devices, which may play an important role in exploring the activ-
ity and network of a large number of neurons within brain tissue.

Device flexibility and stretchability are powerful features to realize highly bio-
compatible and low-invasive tools for use in brain and other biological tissues
with 3D, deformable, and soft properties. Chronic applications of the microde-
vices, in which small device packages, biocompatible materials, and wireless sys-
tems are necessary to realize the microdevices as implantable tools have also been
discussed.

Although these devices are still under development, these flexible device tech-
nologies will become powerful tools not only in neuroscience research but also
in medical applications including diagnostics of diseases (e.g., epilepsy) and BMI
technology.
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Perspective in Flexible and Stretchable Electronics
Kuniharu Takei

Osaka Prefecture University, Department of Physics and Electronics, 1-1 Gakuen Nakaku, Sakai, Osaka, Japan

This book introduces the fundamental characteristics of flexible and stretchable
device components such as transistors, memories, capacitors, and sensors using
organic and inorganic materials and presents some healthcare, medical, and
neural applications. Although the developments have progressed significantly
to move forward toward realizing the practical use of flexible and stretchable
electronics, there are still many challenges to be overcome such as in signal
processing and wireless circuits and batteries to be mechanically flexible, without
increasing their cost. In addition to the active components, the reliability and
stability of the devices also need to be considered depending on the applications.
This is because macroscale flexible electronics have high potential for applica-
tions pertaining to the internet of things (I0T) society. For some IoT applications,
such as in vehicles and life-lines (water, gas, etc.), to detect stress and crack
information for example, long-term reliability and stability are very important
parameters since the sensors cannot be replaced for many years. To test such
important parameters, collaboration and/or help from industries are essential
because it is hard to conduct these tests in universities. It should be noted that
even if the device can be disposed for some applications, the reliability of the
sensing results is still important for market sustainability. Another important
contribution to the future of healthcare and medical applications is to build
the consortium and/or alliance and to gather and share many measured health
conditions as well as compile activity information into a database to analyze
big data. Right now, for inflexible wearable devices, data sets are kept by the
company that sells the products. This independent data correction limits the
diagnosis pertaining to health conditions, which is a big barrier to demonstrating
the usefulness and possibility of the wearable devices. If we can diagnose the
health conditions based on big data, wearable devices may be strong candidates
for future electronics. In addition to these, there are other things to be addressed
and challenges to be overcome for realizing practical application. We welcome
all of you to join this new field of flexible and stretchable medical/healthcare
electronics to change the world of human lives.
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