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Supervisor’s Foreword

The continuous downscaling of nanoelectronic components and transistors following
Moore’s law leads to ever cheaper, more powerful computers, and more multifunc-
tional devices. To maintain this progress in scaling, material scientists, and process
engineers explore new materials, novel processing steps and more complex device
structures. These technological developments are extremely challenging and can only
be achieved if based on profound physical insight and understanding. As such
metrology has become a key enabler toward successful product development and
inevitably subject to similar scaling laws in order to remain relevant. Hence research in
metrology targeting the extension of measurements toward smaller dimensions, higher
resolution, better sensitivity and specificity, and quantification accuracy is an impor-
tant cornerstone of technological progress in semiconductor technology.

As dopants and dopant distributions constitute the active heart of the transistor
operation, engineering of the source and drain junction regions of MOS transistors
has become an important research item listed in the International Technology
Roadmap for Semiconductors and the subject of a lot of advanced research
activities. Their strong impact on the device performance led to a continuous
scaling toward very shallow depths and an engineering of very detailed dopant
distributions (doping concentration, depth, abruptness, halo,..). Concurrently the
development of new doping and annealing processes as well as their production
control has become extremely dependent on the availability of precise (electrical)
characterization with adequate specifications. In particular the interest in in-line
monitoring and non-destructive characterization has spurred the search for junc-
tion metrology based on optical probes; however, with the important constraints to
provide also sub-nanometer accuracy, precision, and quantification.

This work contributes to this evolution and demonstrates the capabilities of the
Photomodulated Optical Reflectance (PMOR) which measures the variations in
reflectance induced by a modulated pump laser. Based on a fast laser pump-probe
technique, PMOR was originally designed as a non-contact concept for implant
dose metrology. However, a breakthrough has been realized in this work by
extending the concept from a simple process control tool for as-implant profiles
toward the quantitative analysis of a complete active carrier profile through a very



vi Supervisor’s Foreword

detailed modeling of the fundamental physics of the PMOR technique. This work
provides a complete description of the carrier and heat generation/transport/
recombination phenomena as well as of their translation into reflectance signals
with an excellent agreement to experimental data. Novel experimental approaches
are introduced to extend PMOR from qualitative dose monitoring toward quan-
titative junction depth measurement and detailed carrier profile reconstruction. The
latter development represents a significant breakthrough in USJ metrology and
generated substantial industrial interest, up to the development of a new product
implementing the final recommendations of this book.

Leuven, January 2012 Prof. Dr. Ir. Wilfried Vandervorst
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Chapter 1
Introduction

At first sight, it may seem surprising that carrier profiling, i.e. electrical characteri-
zation, can be performed with an optical measurement technique. We will, however,
show in this work that these two research fields are linked to each other. This chapter
therefore briefly introduces both research domains. It is mostly a compilation of
results and insights that have been gathered by colleagues and other researchers who
I would like to deeply acknowledge, since their direct and indirect input has been
essential to this work.

This Introduction starts with the motivation for this work in Sect. 1.1. The ultimate
objective of this thesis being the development of an optical carrier-profiling tool, we
then introduce in Sect. 1.2 the most commonly used techniques for the characteriza-
tion of carrier and doping profiles in semiconductors. These techniques prove to be
very useful for the final assessment of the developed technique. Further we shall see
that each has its drawbacks and advantages. After discussing the destructive and/or
contacting techniques in Sect. 1.2.1, focus is put upon non-destructive, non-contact
techniques for carrier profiling in Sect. 1.2.2. Most important of all, Sect.1.2.2.3
introduces the basics and state of the art of the Photomodulated Optical Reflectance
(PMOR) technique. Finally, Sect. 1.3 describes the structure of this work.

1.1 Motivation

One of the many crucial issues in fabricating state-of-the-art Complementary Metal
Oxide Semiconductor (CMOS) transistors is the precise electrical characterization
of Ultra-Shallow Junctions (USJs) such as the source and drain extension regions
(Fig. 1.1 (left)). The currently used low energy ion implantation and fast annealing
techniques allow for very shallow (junction depth X ; < 20 nm) and highly actively
doped (peak carrier concentration Npeax > 10%° cm™) regions [1] (Fig. 1.1 (right)).
Furthermore, much effort is today placed in new techniques such as laser annealing to
achieve higher concentration levels and steeper profiles. However, the shallower these

J. Bogdanowicz, Photomodulated Optical Reflectance, Springer Theses, 1
DOI: 10.1007/978-3-642-30108-7_1, © Springer-Verlag Berlin Heidelberg 2012
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Fig.1.1 Left Two-dimensional Scanning Spreading Resistance (Sect. 1.2.1.4) map of a planar MOS
transistor. The circled regions are the source and drain extension regions, also called ultra-shallow
junctions. Right Schematic of an ultra-shallow carrier profile such as typically found in the extension
regions of modern transistors

doped regions become, the more critical their electrical characterization becomes.
Small variations in e.g. the depth of these regions can indeed induce unacceptable
changes in the performance of the final transistor [2]. The ability to monitor accurately
the active doping profile of these USJs is therefore of critical importance.

Presently, dopant/carrier depth-profiling is usually based on a combination of Sec-
ondary Ion Mass spectrometry (SIMS; see Sect. 1.2.1.1) for the total profile (only
chemical, not electrical information) and conventional Four-Point Probe (FPP; see
Sect. 1.2.1.2) for sheet resistance, i.e. electrical activation. However, the combina-
tion of these techniques suffers from a significant number of disadvantages. First,
SIMS is an off-line technique, applicable only on small pieces of material. More-
over, a measurement on one specific position on a wafer is rather time-consuming
(dicing, sample preparation, measurement, data processing). Second, conventional
FPP does not give any profile information and requires rather large analysis areas
(>1mm?). Besides, probe penetration leads to unreliable results on ultra-shallow
profiles (<30nm) in the presence of well/halo implants.

Recently some new promising techniques have been emerging. First, Scanning
Spreading Resistance Microscopy (SSRM; see Sect. 1.2.1.4) has shown very pow-
erful two-dimensional carrier imaging capabilities. However, this off-line technique
requires a complicated and critical sample preparation (destructive technique). Sec-
ond, new FPP techniques have emerged, either with virtually zero penetration and
a smaller measurement area [Micro Four-Point Probe («FPP); see Sect. 1.2.1.5] or
with no penetration whatsoever [Junction Photovoltage (JPV); see Sect. 1.2.2.1], but
each of these also requires further research and development (sensitivity to surface
oxide, surface states, reproducibility,...).

As a consequence, there is a real need for a new characterization technique for
one-dimensional active dopant profiling which simultaneously:

e is sensitive to the active portion of doping profiles,
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can be used in-line,

can perform the measurements quickly (5—10min) and with a high reproducibility,
is nondestructive and applicable to whole wafers (no sample preparation),

has a high spatial resolution, i.e. only requires a minimal analysis area (measure-
ment of small structures),

e extracts quickly the underlying profile with high precision and accuracy on both
depth and concentration.

Among the plethora of existing measurement techniques, optical reflection tech-
niques are the most promising to combine all the above mentioned requirements. On
the one hand, optical probes do not require any physical contact with the sample,
which makes them a very interesting candidate for in-line noninvasive measurements.
On the other hand, for properly selected wavelengths, reflection techniques offer a
very high depth resolution. We need to distinguish between equilibrium reflection
techniques, such as Model-Based Infrared Reflectometry (MBIR; see Sect. 1.2.2.2)
or Fourier-Transform Infrared Spectroscopy (FTIR; see Sect.1.2.2.2), and modu-
lated reflection techniques, such as Photomodulated Optical Reflectance (PMOR;
see Sect. 1.2.2.3).

1.2 State of the Art of USJ Characterization

As highlighted in the motivation for this work, several techniques solve partially the
problem which this work is focusing on. In this section, we therefore first briefly
introduce these techniques. The description of each technique is strictly limited to
their properties which are relevant in the framework of our investigations. More
information can be found through the numerous added references. Further, only
routinely used characterization techniques for silicon are discussed.

Since this work seeks a candidate for non-contact, non-destructive carrier profiling
tool, it is logical to divide this section into two parts. Section 1.2.1 therefore reviews
destructive and/or contact techniques. Section 1.2.2 then focuses on non-contact,
non-destructive techniques. The latter section introduces PMOR, the main technique
used in this work.

1.2.1 Contacting and/or Destructive Techniques

The techniques introduced in this section all either need to make a physical contact
with the structure under investigation or even destroy it. This prohibits their use as
fast nondestructive carrier profiling techniques. In other words, it is clear that none
of these techniques can fulfill the six requirements mentioned in our motivation.
They are only present in this work because they will help us assess and discuss the
accuracy of the final developed technique.
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Fig. 1.2 Principle of a SIMS -
measurement. The primary ion L
beam (pink ions) sputters the
sample surface. The secondary
ions, i.e. the ionized sputtered [
atoms (green, blue and red),
are then accelerated towards a
mass spectrometer for species
determination

1.2.1.1 Secondary Ion Mass Spectrometry

Although Secondary Ion Mass Spectrometry (SIMS) does not give any activation
information, it is often considered to be ‘the’ reference technique for dopant depth
profiling. As shown schematically in Fig. 1.2, SIMS is based on the recording as
a function of time of the ions sputtered from the sample by a primary ion beam
(typically Cs™ or O~ with typical energies 0.5-5keV). The sputtered ions form a
secondary ion beam which is accelerated towards a mass spectrometer for species
determination, hence the name of the technique [3].

SIMS actually measures the number of ionized sputtered atoms of the considered
species as a function of time. One therefore still needs to translate this raw information
into a dopant profile, i.e. a doping concentration as a function of depth. Theoretically
speaking, this can be achieved if one knows the ionization probability (i.e. the fraction
of the sputtered atoms which have been ionized) and the sputter rate (i.e. the number
of atoms sputtered by unit time) of the considered species in the considered matrix.
In practice, the final crater depth is actually measured with a profilometer at the end
of the SIMS measurement. The depth-scale of the doping profile is then obtained by
linear interpolation, assuming a constant sputter rate. As for the doping concentration,
it is obtained by comparison of the measured counts with calibration samples (same
species, same matrix) [3].

Advantageously, this technique has a very high depth resolution. It, further, has
a low detection limit, which allows for a very wide dynamic range. Up to four
orders of magnitude of doping concentrations can typically be achieved on a doping
profile, independently from the doping species or the matrix. However, five critical
drawbacks of SIMS also need to be mentioned here. First, SIMS is a destructive
technique (sputtering is destructive by essence). Second, due to ion mixing [4],
SIMS always underestimates the profile slope (even though this problem is less at
low energy [5]). Third, the presence of a surface oxide, which tends to initially
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accelerate sputtering [4], leads to a small underestimation (1-2nm) of the profile
depth, which is problematic especially for ultra-shallow junctions. Note that the
impact of the last two observations leads to a difficult definition of the junction
depth of very abrupt junctions. Fourth, SIMS gives only chemical information and
no electrical information. Combining SIMS with FPP can, however, alleviate this
limitation, as discussed in Sect. 1.2.1.3.

Finally, though not of application in this work which focuses on Si material, it also
has to be mentioned that it is very complex to measure doping profiles in structures
where the matrix changes (e.g. SiGe/Si), due to the very acute changes in sputter rate
of the species of interest according to the matrix. In spite of all these drawbacks, the
wide dynamic range of SIMS and its ability to measure with quite a good accuracy
the local details of a dopant profile make this technique unavoidable.

1.2.1.2 Conventional Four-Point Probe

Conventional Four-Point Probe (FPP) is the reference technique for the measurement
of the sheet resistance R; of junction-isolated doped layers. By definition, this critical

parameter reads
1

Ry = w0,
JoquNdz

(1.1)

where ¢ is the electron unit charge, u and N are respectively the mobility and
concentration of the majority carriers, X; is the thickness of the doped layer or
(electrical) junction depth and z is depth. Formula (1.1) shows clearly that R; is
nothing but the integral of the carrier profile (convoluted with the mobility profile).

In-line FPP measurements are the most common resistance measurements. In
these measurements, a current is injected between two probes and the induced poten-
tial difference between another two probes is measured (see Fig. 1.3b). Contrary to
two-point probe measurements (Fig. 1.3a), the probes used to inject the current and
those used to measure the potential difference are not the same so as to eliminate the
impact of the probe and contact resistances on the measurements.

FPP is a very versatile [3] and fast technique (a few minutes for detailed wafer
map). However, it suffers from a few drawbacks which are worth reminding. First
and foremost, FPP only gives an integral of the profile of interest (zero-dimensional
technique). This is the least detailed information which can be retrieved about a
profile. Second, as illustrated in Fig. 1.3, the probes used in this technique apply a
high load (5-100 g) on the sample, leading to some probe penetration into the sample
(up to 30nm for a 20g load). In other words, as the junctions become shallower,
FPP starts to measure not only the sheet resistance of the doped layer, but also
the parallel substrate resistance [6] (substrate shorting). This leads to unacceptable
underestimation of the sheet resistance. This effect is limited when the substrate
doping is low enough (<10'®cm=3) [7].
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(a) (b) @
Na

VERVARVARY

Sample 7 Sample 7

Fig. 1.3 a Schematic of a two-point probe resistance measurement set-up. The pins used to inject
the current (/) are also used for the voltage (V) measurement. b Schematic of a four-point probe
resistance measurement set-up. Different pins are used to inject the current and to measure the
voltage

1.2.1.3 Combination of SIMS and FPP

As such, SIMS and FPP only offer partial information about the carrier profiles.
SIMS measures the positions of the dopant atoms, whether they are activated or not
and FPP measures the integral of the carrier profile. However, under the following
conditions, full characterization of the carrier profile can be achieved by combining
the two techniques. First, it must be assumed that the SIMS profile is only active up
to a certain peak concentration Nglel\a;[ks. The SIMS profile can therefore be cut off at
this level N Selxs above which all dopant atoms are assumed inactive (see Fig. 1.4).
Second, the mobility of the majority carriers in the doped layer must be known.
Ideally, it should be measured e.g. with a Hall technique [3, 8], as carried out in [9].
It can also be calculated based on the models available in the literature [10, 11]. The
active doping profile can then be deduced by defining Ngf&ks such that the integral of
the SIMS profile below this level matches the sheet resistance measured with FPP. In
other words, in order to derive the active SIMS profile, the following equation must

be solved for Nglel\e;[ks

1
Zpeak Kk x = RSPP’ (12)
/ anNgsdz + [.,], anNsivsdz
0

peak
q1zpeak Nspvs

where REPP is the measured FPP sheet resistance and zpeqx is the depth at which the

measured SIMS profile reaches the concentration Ngf&ks. The resulting active SIMS
profile of sample IIB-DO7TS5 is shown in Fig. 1.4, where the cut-off level has been
determined using Klaassen’s mobility model [10] assuming no carrier scattering on
inactive dopants.

Two final remarks need to be made. First, it is of the utmost importance to realize

that the position of Ngle;[ks strongly depends on the assumed mobility model and is
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Fig. 1.4 Derivation from
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therefore not uniquely defined. We illustrate this limitation in Fig. 1.5a, where we
compare the active SIMS profiles derived with two different assumptions on the
mobility. Both models are based on Klaassen’s formula for mobility [10]. First, like
above, mobility model I assumes no scattering on inactive dopants. Even though this
tends to overestimate mobility [9], it is the most widespread assumption. Mobility
model IT assumes that all active and inactive B atoms present in the SIMS profile
act as scattering centers, which typically underestimates mobility.! As a result, the
obtained Ngf’;}; moves to higher values. Second, deriving the carrier profile actually
still requires solving a one-dimensional Poisson equation. However, as shown in
Fig. 1.5b, only very limited difference between both profiles is expected in the highly
doped region (above 10'® cm™3). The differences are actually so minute that they are
hindered by the noise on the active SIMS profile. For this reason, we will omit the
difference between the carrier and active doping profiles in this thesis.

1.2.1.4 Scanning Spreading Resistance Microscopy

Scanning Spreading Resistance Microscopy (SSRM) is a very powerful resistivity-
profiling technique. It has shown its capabilities on a wide variety of materials and
structures [12—-14]. SSRM is based on the measurement of the electrical resistance
between a conductive Atomic Force Microscopy (AFM) tip, scanning the cross-
section of the sample, and a backcontact (Fig. 1.6).

If the current path is carefully followed, the series of electrical resistances that
are encountered is the following

! Calculated active doping concentrations much higher than the solubility limit can then be reached



8 1 Introduction
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Fig. 1.5 a Comparison between the active SIMS profile of sample [IB-DO7T5 assuming mobility
model I, i.e. no carrier scattering on inactive dopants (red) and assuming mobility model II, i.e. all
dopant atoms of the SIMS profile are scattering centers (blue). This shows that the calculated active
dopant profile depends strongly on the used mobility model. b Comparison between the active
SIMS profile (red) shown in Fig. 1.4 and the carrier profile derived by solving the one-dimensional
Poisson equation. Negligible difference is observed in the high concentration region

Conductive Diamond Tip
Silicon sample

Back-contact

Fig. 1.6 Principle of an SSRM measurement. A voltage is applied between a very sharp conductive
AFM tip and a backcontact. The measured current gives the spreading resistance related to the local
carrier concentration via Eq. (1.4)

Rumeasured = Rtip + Reontact + Rspreading + Rsample + Rbackcontact (1.3)

where Ryp is the resistance of the cantilever and tip, Reontact iS the contact resistance
between the tip and the sample, Rgpreading 1S the resistance associated to the spreading
of the current lines in the sample, Rsample is the sample resistance and Rpackcontact
is the backcontact resistance. If one makes sure that the Rgpreading is dominant, the
measured resistance reads [15]

P 1
4a 4a‘I(anN+ILpP)’

Rmeasured = Rspreading = (1.4)

where a is the radius of the electrical contact (typically 1nm [16]), p is the local
electrical resistivity of the sample. ), (resp. i) and N (resp. P) are respectively
the electron (resp. hole) mobility and concentration. Equation (1.4) shows that a
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two-dimensional resistance map obtained by scanning the conductive AFM tip over
the sample cross section gives a direct image of the carrier distribution (Fig. 1.1(left)).

The simplicity of Eq. (1.4) is the strength of SSRM. SSRM being a direct mea-
surement of the local carrier concentration, it suffers from fewer modeling artifacts
than most techniques. This explains the success of SSRM when applied on new
materials. With SSRM, you directly measure what you need. We will see that this is
very different when it comes to optical techniques.

SSRM suffers, however, from some drawbacks. First of all, SSRM measurements
are typically run on a (cleaved) cross section of the sample, which makes it a destruc-
tive and time-consuming technique. Second, SSRM is a relative technique relying on
calibration samples for the quantification of the carrier concentrations, which renders
the technique very dependent on the availability, quality and good characterization of
these samples. Third, the Schottky nature of the contact and the presence of surface
states [17] prove to have a dramatic impact on the measurement at low active doping
concentration. Finally, it has to be mentioned that the tip resistance Ryp also limits
the sensitivity of the technique in highly conductive regions. Except for the practical
issues, SSRM also shows quantification problems both on the x-axis (depth scale)
and on the y-axis (concentration scale) of the carrier profile. First, on the x-axis, the
position of the oxide-Si interface (i.e. ‘depth zero’) is only determined by the strong
decrease in measured resistance when moving from the oxide to doped Si. This can
unfortunately not be done with a precision better than a few nanometers. For instance,
the abruptness of the resistance profile of Fig. 1.7a, showing the resistance profile
measured on sample IIB-DO7TS5, is about 1 nm/dec. The carrier profile of Fig. 1.7b
has been obtained assuming the interface lies at a 12nm depth. Second, on the y-
axis, SSRM carrier extraction shows an uncertainty due to mobility. As highlighted
in Eq. (1.4), the link between resistance and carrier concentration still requires the
knowledge of mobility. Since SSRM does not measure mobility, it has to rely on
existing mobility models [10, 11]. The profile shown in Fig. 1.7 assumes a carrier
mobility of 100cm?V~!s~!. Using a different mobility model, conclusions similar
to those of Sect. 1.2.1.3 for the combination of SIMS and FPP would be drawn.

1.2.1.5 Micro Four-Point Probe

Micro Four-Point Probe («FPP) is a recently developed sheet-resistance measure-
ment technique based on FPP. Technically speaking, the improvement of «FPP over
conventional FPP comes from the much smaller probe separation (down to 1.5 uwm
pitch vs. 1 mm in conventional FPP). We here only mention a few of the subse-
quent advantages, most of them being reviewed and detailed in Ref. [18]. First,
obviously, thanks to its micron-size measurement head, wFPP is able to measure
small structures (high spatial resolution). Second, due to the small pitch, the tech-
nique is much less sensitive to leakage [19] and consequently to the substrate resis-
tance. Third, the low probe pressure renders £ FPP a quasi-zero penetration tool. As
a consequence, the problems due to the deep penetration of conventional probes are
avoided. Finally, ©FPP has shown very promising carrier-profiling capabilities on



10 1 Introduction

(a) Measured Resistance (£2) (b) Carrier concentration (011173)
10"} 1073
1010* 1020’

o
10 ]

] 10"
10°

10"3

107
10% 1073
09 20 40 60 80 100 120 140 160 180 © 0 10 20 30 40 50 60 70

Depth (nm) Depth (nm)

Fig. 1.7 a Raw data of the SSRM measurement of sample IIP-DO7TS5: resistance profile. b SSRM
carrier profile of sample IIP-DO7T5 assuming the oxide-Si interface is localized at a 12nm depth
and assuming a depth-independent mobility of 100cm?V~!s~!

beveled structures [20]. However, this last application is still under intense investi-
gation (reproducibility, starting point of the profile,...).

1.2.2 Non-Contacting and Non-Destructive Techniques

By essence, the contacting and/or destructive techniques introduced in the previ-
ous section cannot fulfill the six requirements for the ideal non-destructive carrier-
profiling technique which is being sought. In this section, we propose to present the
most recently developed techniques for the non-destructive electrical characteriza-
tion of ultra-shallow junctions. In particular, we underline the drawbacks of each
technique and show how this leads us to considering PMOR as the unique potential
candidate to solve our needs.

1.2.2.1 Junction Photovoltage

Most of the sheet resistance values presented in this work have been obtained from
Junction Photovoltage (JPV) measurements using, more particularly, the RsL embod-
iment [21, 22] of Frontier Semiconductor. Note that a similar tool has been developed
by Semilab [23]. The principle of JPV measurements lies in the non-contact mea-
surement of the position-dependent junction potential distribution resulting from the
equilibrium between the generation of excess carriers injected by a low-irradiance
light-emitting diode (10~* W cm™2), which tend to increase the lateral electric field,
and the drift of majority carriers in the highly doped region, which tends to decrease
the lateral electric field. The drift current being inversely proportional to the sheet
resistance, the measurement of the lateral distribution of JPV gives access to the
sheet resistance [24] (Fig. 1.8).
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This technique shows clear advantages. First, it is very fast (approximately
10min for a 1,000 point map) and non-destructive. For moderate junction leakage
(=< 1073 Acm™2 [25]), the technique is able to separate the sheet resistance from the
junction leakage?® [26]. It is therefore an ideal technique for fast and accurate sheet
resistance mapping of full wafers. We would, however, like to point out two critical
drawbacks of this technique. First, just like all optical techniques, it is very sensi-
tive to the properties of the measured material. Moving from Si to other materials
(Ge,...) can therefore prove to be very complex (new models needed). It is frequently
observed that, even in Si, USJs on a doped halo can lead to wrong or out-of-scale
measurements [27]. It has been proposed that this is due to band-to-band tunnel-
ing. Second, the technique has a very poor spatial resolution due to its cm-sized
probe head. As a consequence, JPV-based techniques, as currently implemented,
will remain zero-dimensional electrical characterization technique and will not be
able to measure ultra-shallow carrier profiles, even on a beveled surface. In other
words, they cannot solve our need for a non-destructive carrier-profiling technique.

1.2.2.2 Model-Based Infrared Reflectometry and Fourier-Transform Infrared
Ellipsometry

Reflectometry and ellipsometry are widely used techniques for the determination of
the thickness and optical properties of thin films [28]. Both are based upon thin-film

2 The name of the technique, “RsL”, actually stands for Rs and Leakage measurement since it
has been shown that the technique is able to measure leakage current simultaneously with sheet
resistance. We will, however, not use or discuss that capability.
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Fig.1.9 Principle of measurementof thin-filmreflectometry and ellipsometry. The reflected electric
field E, contains information about the thickness and optical properties of the thin film. Reflec-
tometry measures the reflectance R while ellipsometry measures the state of polarization of the
reflected light by means of the ellipsometric parameters, i.e. the amplitude tan v, and phase A, of
Pellipsometry- Er (resp. E;), Erg (resp. 1;",- s) and E;, (resp. E;p) are respectively the reflected (resp.
incident) electric field, the component of the reflected (resp. incident) field perpendicular to the
plane of incidence and the component of the reflected (resp. incident) field parallel to the plane of
incidence

interference, which is introduced in some more detail and studied in the framework
of the perturbation theory in Chap.2. Though both techniques are based upon the
measurement of the light reflection on the sample under investigation, the measured
parameters differ. While reflectometry measures the reflectance R of the sample,
ellipsometry looks at the ellipsometric parameters, i.e. the state of polarization of the
light reflected upon the sample.? as schematically shown in Fig. 1.9.

Model-Based Infrared Reflectometry (MBIR) and Fourier-Transform Infrared
Ellipsometry (FTIR) are two specific implementations of the aforementioned tech-
niques developed respectively by AMS [29] and SOPRA [30], wherein the wavenum-
ber (i.e. the inverse of the wavelength) range of the incident light has been optimized
to study doped silicon layers. One of the learnings derived from the Drude model (See
Chap. 2) is that the impact of free carriers on the optical functions of Si is consider-
able starting from the infrared range down to smaller wavenumbers. Both companies

3 The ellipsometric parameters are the amplitude tan v/, and phase A, of the ratio of the parallel
component E,,/E;, to the perpendicular component E,/E;s of the reflection coefficient. The
parallel and perpendicular directions refer here to the plane of incidence
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have therefore opted for wavenumbers included between 500 and 6,000cm™!, i.e.
wavelengths included between roughly 1.5 and 20 um.

As can be expected from the similarities between the two techniques, the results
obtained by both techniques are comparable in many ways. The depth of deep
(>100nm) layers can be determined with quite a good agreement with SIMS [31].
The derived carrier concentrations, however, are always overestimated [32]. Fur-
ther, shallow profiles cannot be measured due to the low sensitivity to junction depth
(long wavelength). Repeatability measurements prove that these techniques are actu-
ally sensitive to the active dose [32]. Finally, both MBIR and FTIR use quite large
(mm-size) beams and, as a consequence, have quite a low spatial resolution.

The drawbacks of these techniques clearly push towards PMOR and to the
Therma-Probe (TP) embodiment more particularly. First, the reconstruction of ultra-
shallow profiles, due to the low junction depth sensitivity, requires wavelengths
shorter than those used in these infrared techniques. However, at shorter wave-
lengths, the impact of the presence of free carriers is strongly reduced (see e.g.
the low numerical values for the variation in refractive index in Chap.3), which in
turn reduces the signal-to-noise ratio. TP solves this problem by using a high-power
light source so as to keep a sufficient signal-to-noise ratio and, consequently, high
enough measurement reproducibility. In other words, TP being a high-irradiance
reflectometry measurement, it partially solves the problems encountered by FTIR
and MBIR. Second, PMOR measurements offer intrinsically an independent junc-
tion depth measurement. As we will show in Chap.7, the AC reflectance signal is
indeed very sensitive to the depth of the carrier profile. Further, no direct correlation
with dose can be observed. The AC reflectance could therefore be used as the inde-
pendent depth measurement that FTIR and MBIR seem to lack. Note, finally, that the
shorter wavelength also enhances the spatial resolution since a smaller beam radius
is then allowed (Rayleigh’s diffraction limit [33]).

As a conclusion, it seems that PMOR has more to offer than MBIR or FTIR. This
would make PMOR an ideal and unique candidate possibly fulfilling the six criteria
mentioned in the motivation for this work.

1.2.2.3 Photomodulated Optical Reflectance

Photomodulated Optical Reflectance (PMOR) is a pump-probe technique wherein a
probe laser measures not only the sample reflectance (i.e. like reflectometry), which
we call the DC reflectance Ryc, but also the variations in reflectance induced by a
modulated pump laser, the so-called modulated or AC reflectance A R,c. The modu-
lated reflectance signal is the most commonly used signal, which is why the technique
bears its name. Figure 1.10 schematically describes the principle of the technique.
Different companies (KLA-Tencor, Semilab, Xitronix) and research groups (e.g.
Center for Advanced Diffusion-Wave Technologies of the University of Toronto and
Laboratoire d’Instrumentation of the Universite Pierre et Marie Curie in Paris) have
implemented the PMOR technique either in fab-ready or test-bench tools. Though
PMOR initially showed capabilities for the determination of various transport
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Fig. 1.10 Principle of Photomodulated Optical Reflectance (PMOR). A modulated pump laser
shines on the sample to modify the local refractive index. A constant probe laser measures the
sample reflectance, i.e. the so-called DC reflectance Ryc, simultaneously with the variations in
reflectance induced by the modulated pump laser, i.e. the so-called modulated or AC reflectance
AR,c. The numbers indicate the path followed by the probe laser beam

parameters of bulk and thin-film metals, semiconductors or superconductors [34—38]
(e.g. thermal conductivity, carrier diffusivity, carrier lifetime), commercial imple-
mentations mostly focus on statistical process control (SPC) monitoring of ion
implantation [39—47]. Importantly, intensive research has also been carried out to
improve the understanding of the complex behavior of the AC reflectance on bulk
semiconductors [48-56].

Though there has been some discussion about the original paternity of the idea, as
far as the literature can testify, interest in the use of PMOR for carrier profiling initially
started with the work of Borden [57-59] and Nicolaides [39, 40] respectively with
the BX10 tool of Boxercross (now owned by Semilab) and with the TP630XP tool of
Thermawave (now owned by KLA-Tencor). The conclusions of these investigations
already proved experimentally the great promises of PMOR for non-destructive car-
rier profiling. Sub-nanometer junction depth resolution seemed finally to be in the
reach of optical techniques. However, theoretically speaking, there was only quali-
tative understanding of the dominant physical processes occurring during a PMOR
measurement on a non-homogeneously doped silicon sample. Soon imec became
involved [47, 60—63] and the combined theoretical and experimental work of Dortu
[64-68] on the BX10 tool got the theory ever closer to experimental data. How-
ever, when it came to retrieving information about carrier profiles, the BX10 tool
seemed to lack information. The ability of this tool to measure power curves, i.e. vary
its pump power and measure the induced variations in A R,c, did not seem to help
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much. Besides, as time passed by, the probe wavelength of the BX10 (980nm) was
becoming obsolete compared to the junction depths required in real devices. In the
meantime, the higher modulation frequency (1 MHz vs. 2 kHz) of the TP630XP had
appeared as a potential solution to the problem by offering two signals (amplitude
and phase of A R,.) rather than one [7]. Its shorter probe wavelength (670nm) also
improved significantly the sensitivity to sub-30nm junction depths.

These two observations, together with the high repeatability of the measurement
(Appendix A.2), were the motivations which initially triggered this work. The two-
signal’ approach looked promising though, as we shall prove, the phase actually
does not contain extra information about the profiles (plasma wave has a unique
phase and wavelength; see e.g. Sect. 6.2). Nevertheless, we will show that TP630XP
offers additional information about the profiles. First, it has the capability to measure
offset curves, i.e. separate the pump and probe beams and measure the variations in
AR, (Chap.6). Besides offering a much better visibility to the processes involved
in the carrier and heat transport (e.g. you can measure the ambipolar diffusivity,
you do not need to model it, see Sect.6.1), offset curves also help decouple the
sensitivity to carrier concentration and to junction depth (see Sect.7.1.1). Finally,
Ry being calibrated in TP630XP, its direct use is facilitated. As we shall see, this
last improvement was also a determining factor (see Sect.7.2).

Though we will come back to these achievements in the course of this thesis as well
as in the Conclusions, some can already be mentioned. First, on the experimental side,
the work included in this thesis has contributed to making PMOR a reproducible and
quantitative technique (see Appendix A.2). Further, the developed procedure for the
signal calibration on undoped samples (Sects. 6.1, 7.2) has broadened the applicabil-
ity window of the technique to implanted profiles with and without preamorphization.
Before our investigations, indeed, most work had been dedicated to box-like profiles.
Second, on the theoretical side, improved understanding also comes out of this work
thanks to the derivation of simplified transport equations to describe the general
ambipolar transport of carriers (Sect.4.1.1) and heat (Sect.4.1.2) in semiconductors,
with a thorough discussion of their time-dependent effects (Sect.4.1.3). Similarly,
the compact models of Chap. 6 give direct understanding of the general behavior of
AR, and Ryc.

As mentioned above, this work focuses on the TP630XP tool. In other words,
while we often refer to the technique as PMOR, all shown experimental data have
been measured with TP630XP. In particular, the TP630XP (or simply TP) tool is a
PMOR implementation with:

e a670nm (1.85eV) probe laser with 2.5 mW power focused onto an 0.5 pm beam
radius on the sample

e a 790nm (1.57eV) pump laser with 13.5mW power modulated with a 1 MHz
modulation frequency and focused onto an 0.5 wm beam radius on the sample

e the ability to separate the laser beam with a maximum of 4 um separation on the
sample.
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More detailed examples of the experimental setup of PMOR tools can be found
in Ref. [69, 70]. The actual setup of the TP630XP being confidential, we are not
allowed to disclose it in this work.

1.3 Outline

The ultimate objective of this work, besides the fundamental investigation of PMOR,
is to develop a quantitative carrier profiling technique out of the TP tool such as it
is described above in Sect. 1.2.2.3 without any hardware change. For this purpose,
we need to understand why, how and also how much a pump laser can modify
the reflectance of a silicon sample. We therefore propose to build up the necessary
understanding of the processes involved during a TP measurement in the following
sequence.

In Chap.2, we look at the fundamental process accounting for a variation in
the reflectance of an arbitrary sample. In particular, looking first qualitatively at
the relationship between refractive index and reflectance, we sequentially derive
analytical expressions for the variation in reflectance assuming a refractive index
perturbation with various shapes. One important message of this chapter is that a
perturbation of the reflectance is always a consequence of a perturbation of the
refractive index.

In Chap. 3, we investigate the possible causes for a variation in the refractive index
of silicon. This chapter shows that a perturbation in refractive index is to be expected
as aresult of the presence of free carriers or the change in temperature. In particular,
we quantify these variations for the specific case of the TP probe laser.

In Chap.4, we look at how light and, more specifically, a high-irradiance mod-
ulated pump laser and a high-irradiance constant probe laser generate carriers and
heat in homogeneously doped silicon samples. We derive and solve the coupled
transport equations for these two quantities in order to quantitatively determine the
time-dependent and position-dependent excess carrier and temperature distributions
induced by the lasers.

In Chap. 5, we extend the transport problem to the case of non-homogeneously
doped silicon sample (with particular emphasis on samples presenting highly doped
ultra-shallow layers at their surface).

In Chap. 6, we review the conclusions of Chaps.2, 3, 4 and 5 in order to derive
a complete physical model explaining the behavior of the two measured signals in
PMOR, i.e. Ry. and AR,.. The model is assessed based on the comparison with
TP signals measured on homogeneously doped silicon substrates with various dop-
ing concentrations as well as doped layers with varying doping concentration and
junction depth.

Based on the learnings of all the previous chapters, Chap. 7 develops and studies
methods to derive information about carrier profiles from PMOR measurements.
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Chapter 2
Theory of Perturbation of the Reflectance

In this chapter, we assume a small perturbation of the complex refractive index
n(x,y, z, t) is somehow generated (e.g. by doping, optically injected carriers and/or
heat,...) in a homogeneous silicon sample and we calculate how this perturbation
impacts the reflectance R(x, y, t) of a probe laser shining on the sample.

In all generality, the perturbed refractive index reads

ﬁ(-xv ys Z, t) = ﬁO + Aﬁo(-x’ )77 Z) + Aﬁl(xs y’ Z) Cos[wt - d)l(-x’ )’7 Z)]

fundamental
+o00
+ D" Adij(x, y. 2) cos[jort — ¢j(x. y. )], 2.1)
j=2

jth harmonic

where 7 is the refractive index of the unperturbed silicon sample, Ang(x, y, z) is the
time-independent component of the perturbation of the refractive index, A7 (x, y, z)
and ¢ (x, y, z) are respectively the amplitude and phase of the fundamental mode
of the perturbation, An;(x,y,z) and ¢;(x,y,2) (j = 2,3,...) are respectively
the amplitude and phase of the jth harmonic of the perturbation. Note that ¢
and Anj(x,y,z) (j = 0,1,...) are all complex numbers. In this chapter and the
following, w can be understood in all generality as the fundamental angular frequency
of the refractive index perturbation but, it will become clear in Chap. 4 that w is the
angular modulation frequency of the pump laser irradiance.

As a result of this perturbation, a probe laser shining on the sample is reflected
with a perturbed reflectance R(x, y, t) such that

R(x,y,1) = Ro+ ARo(x, y) + ARy (x, y) cos[wr — ®1(x, y)]

fundamental
+00
+ D" AR;j(x, y)cos[jot — ®;(x, y)], (2.2)
j=2 jth harmonic
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Fig. 2.1 An electromag- 'y
netic wave with electric field
Ei incident on an interface
between two media of respec-
tive refractive indices 711 and
n is partially reflected with
electric field Er and transmit-
ted with electric field E;. The
ratio between the reflected
(resp. transmitted) and inci- n1
dent electric fields is given . L y—Te
by 7 (resp. ) which follows Medium 1 =mtik "7
Fresnel’s reflection formula
(2.3) [resp. (2.4)]

el

Ey =7E

B

where Ry is the reflectance of the unperturbed Si sample, ARy (x, y) is the time-
independent component of the perturbation of the reflectance, AR;(x,y) and
@1 (x, y) are the magnitude and phase of its fundamental mode and AR;(x, y) and
®;(x,y) (j =2,3,...) are the magnitude and phase of its jth harmonic.

In this chapter, we explain and express mathematically the relationship between
the perturbed refractive index of Eq. (2.1) and the perturbed reflectance of Eq. (2.2).
In order to do so, two physical phenomena, i.e. reflection and optical interference,
as well as their causes need to be introduced.

First, reflection occurs when an electromagnetic wave reaches an interface
between two media with different complex refractive indices (see Fig.2.1). The
boundary conditions of Maxwell’s wave equations indeed show that only a propor-
tion 7 of the electromagnetic wave is transmitted through the interface. The rest of
it, i.e. a proportion 7 = 7 — 1, bounces back or is reflected in opposite direction [1].

In other words, for an incident electric field Ei, the transmitted electric field is
E, = {E; and the reflected electric field is E, = FE;, where f and 7 are respectively
called the transmission and reflection coefficients. Mathematically, the reflection
coefficient 7 of a light beam normally incident upon an interface separating two
media with different complex refractive indices 711 and 71, follows Fresnel’s reflection
formula [1], i.e. ~ _

F=i— M2 2.3)
ny+np
The electromagnetic wave is therefore transmitted with a transmission coefficient 7
such that
211

ny+ny
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The reflectance of the sample is then given by the squared absolute value of the
reflection coefficient, i.e.
R =|F*. (2.5)

Second, optical interference is the name given to the interaction between two (or
more) coherent light beams of the same optical frequency and polarization meeting
in a region of space [2]. In summary, the interference describes the peculiar way
these waves add up so as to give a total amplitude with is not simply the sum of their
amplitudes.

Mathematically, the electric field of a one-dimensional electromagnetic plane
wave in a medium of refractive index 7 can be described as follows [1]

E = |E| expRimnx/Ag + i0g) exp(—iwEgt), (2.6)

where |E| is the amplitude of the electric field (its maximum value in time and
space), O is its phase, A g is its wavelength in vacuum and wg is its optical angular
frequency. If two electromagnetic waves of the same amplitude and different phases
E| = |E|expRiniix/ g + i0g1) exp(—iwgt) and E» = |E|expQiniix/Ag +
i0g2) exp(—iwgt) meet, their amplitudes add up vectorially (or coherently) such that

E\ + E; = |E| [exp(i0g1) + exp(i0E2) | expRimiix /Mg — iwEt). (2.7)

Equation (2.7) shows that the resulting amplitude is not solely dependent on the
amplitude of the two beams but that it also strongly depends on their phase difference.
If the two waves have the same phase (i.e. 01 = 6g2), the amplitude of their sum
is 2 |E|, i.e. there is constructive interference. On the contrary if the phases of the
two waves are in opposition (i.e. 0g; = 02 + m), the sum is zero, giving rise to
destructive interference. For other values of the phase difference, the sum will be
included between 0 and 2 | E|. Similarly, in the more general case of waves with
different amplitudes | E1| and | E3|, destructive and constructive interferences result
in total fields of respective amplitudes |E; — E»| and |E| + E»|.

One common case of interference arises when a light beam is reflected on two
or more parallel interfaces. The case of two interfaces is well known and widely
studied under the name of thin-film interference [2] (Fig.2.2). In that case, E 1 is the
electric field reflected directly on the top surface (Interface 1) and Ej is the electric
field reflected on the bottom surface (Interface 2). Due to distance traveled by E>in
between the two interfaces, the phase difference between the two reflected electric
fields is proportional to the thickness of the film. The combination of reflection and
interference therefore offers a very attractive sensitivity to the thickness of a thin film.
This is what makes reflection techniques so appealing. This experiment is studied in
further detail in Sect.2.2.

Due to interference effects, the mathematical relationships between the compo-
nents of n(x, y, z, t) and R(x, y, t) vary according to the depth- (i.e. the z-) depen-
dence of the refractive index perturbation. In this chapter, we investigate four different
cases of refractive index perturbations and work out these relationships in order of



24 2 Theory of Perturbation of the Reflectance

Fig. 2.2 Thin-film interfer- &
ence: the electric fields E} 1 2

E?I
and E; respectively reflected
on interface 1 and interface
2 present a phase differ-
ence 01 — Ogo due to the
distance traveled by the light in

between the two interfaces. As
a consequence, the amplitude
of the total reflected electric
field varies with the thickness X
of the thin film

E.
Interface 1

Interface 2

increasing complexity. First, uniform perturbations are studied in Sect.2.1. In this
case, the complex refractive index varies only at the top surface. Second, in Sect. 2.2,
we consider the case of a box-like perturbation where the perturbed refractive index
shows two abrupt variations, one at the top surface and one at a depth X ;, which we
call the junction depth. Finally, we study the case of a double box-like perturbation
(three abrupt variations) in Sect. 2.3 before deriving a formula for a perturbation with
an arbitrary depth dependence in Sect.2.4.

These analytical expressions are here derived in the case of TP, i.e. for a probe
laser in the red to near infrared (NIR) range normally incident on the sample and for a
system lying in air. As a consequence, the penetration depth of the probe laser 1 /aprobe
is always much larger than the total depth of the perturbation of the complex refractive
index (ultra-shallow perturbations) but much shorter than the thickness of the sample
(semi-infinite samples). Further, we make the following three key assumptions so
as to keep the expressions simple and analytical. First, the Si surface is supposed
to be oxide-free, i.e. silicon is in direct contact with air. Second, we consider only
laterally homogeneous refractive index perturbations, i.e. Anj(x,y,z) = An;(z)
(j = 0,1,...). These first two assumptions are discussed into more detail at the
end of this chapter respectively in Sects.2.5.1 and 2.5.2. Finally, all the perturbation
components of Eq. (2.1) are assumed much smaller than 7. This linearizes the system
(no harmonic mixing) and therefore greatly simplifies the obtained expressions. In
other words, only a DC perturbation A7 of the complex refractive index can induce
a DC variation ARy in reflectance. Similarly, only the fundamental mode of the
complex refractive index can generate A R;. Besides, the relationships between the
perturbation components of 7z and R are the same independently from the considered
component. We can therefore focus on a case of a single perturbation, relying on
the linearity of the system for the cases of multiple perturbations. The j subscript
(j =0,1,...)is therefore omitted in the rest of this chapter.

For the sake of completeness, let us mention that two formulations are available
to solve the considered problem. We propose to solve this problem in the small



2 Theory of Perturbation of the Reflectance 25

Fig. 2.3 A uniform perturba- Fiair = 1
tion (Ang,p + i Akgyp) of the -
refractive index (ng + ikg) of +n
a semi-infinite sample

n = (ng+iky) + (Angyp + ilkgyp)

1

Qprobe

>

depth

perturbation formalism in this chapter. The alternative formulation, i.e. the direct
differentiation, was derived by Seraphin [3] and Aspnes [4, 5]. With some algebra,
it can be shown that the two formulations are equivalent.

2.1 Uniform Perturbation of the Complex
Refractive Index

In this Section, we consider a sample with a complex refractive index (ng + iko)
modified by a uniform perturbation (Ang,,+i Aks,p) and would like to calculate how
this perturbation impacts the sample reflectance. The studied situation is depicted
in Fig.2.3.

In the case of a perturbed complex refractive index, Fresnel’s formula (2.3)
becomes
I — (no + iko) — (Angup + i Aksyp)

1+ (no + iko) + (Angup + i Akgup)”

F=

(2.8)

Linearizing formula (2.8) with respect to the perturbation, 7 becomes

~
X

1 — (no +iko) 1 — Angyp + i Akgyp 1 — Angup + i Aksyp
1+ (no +iko) 1 —ng — iko 1+ ng+iko
—_————

=F

2
rol|l— A Ak
0 |: (1 —ng —iko)(1 +no + iko)( Moub 1 S”b):|

_ 2[A = nd + k) Angup — 2noko Aksus |
oyl — 21 12 2.2
(1 — ng + k5)? + 4ngk;
2 [(] - ”% + k(%)Aksub + 2n0k0Ansub] ]
—i ’
(1 - n% + kg)2 + 4n%k8

&

(2.9)
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Fig. 2.4 A box-like pertur- Mgy = 1
bation of the refractive index o )
profile shows two abrupt vari- = L= 0=

L T

ations, respectively at the i =

. 1
surfaf:e and at 'the interface. o A = (n + iko) + (Any + iAky) )
The interface is located at Foub = Alrp X<

° 1T sub

a depth X; assumed to be
much smaller than the pene-
tration depth of the probe laser gy = (no + ko) + (Angyp + iAkgyp)
(1/aprobe)

1

Qprobe

depth

where 7 is the reflection coefficient of the unperturbed sample. The perturbed
reflectance R = |7|? is therefore

4
R=rld1— [1—n2+k2An — 2noko Ak ]
=Ro

(2.10)

Before concluding this Section, it is interesting to note that d R /d Akg, is propor-
tional to ko, which is very small in silicon in the red and NIR range [6]. In other words,
a uniform Ak;,, hardly perturbs the reflectance of silicon in the red and NIR range.
Further neglecting all the k¢ terms of Eq. (2.10), the variation AR in reflectance for
a homogeneous perturbation simply reads

4Ry

2
ng—1

Athomogencous = Angyp. (2.11)

This formula will prove very helpful for calculating the perturbation of the reflectance
on a homogeneously doped sample, whether it is due to homogeneous doping, opti-
cally injected carriers or heat (Sect.6.1).

2.2 Box-Like Perturbation of the Complex
Refractive Index

We consider here the problem of a perturbation of the refractive index which only
shows two abrupt transitions, one at the top surface and one at a depth X ;, called the
junction depth. The perturbation of the refractive index has a value (An; + i Ak;) in
the box and a value (Angyp + i Akgyp) below the layer. The unperturbed refractive
index of the sample is uniform and equal to (ng + iko). This situation is described
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in Fig.2.4. We recognize here the thin-film interference introduced earlier in the
introduction of the present chapter.

If we assume that the magnitude of the perturbation of refractive index is too small
to cause multireflections in the box [2], the pertubation of the reflection coefficient
is solely due to the coherent sum of the two reflections occurring respectively at the
surface and at the interface. Further, neglecting the impact of the refractive index
perturbation on the phase of the transmitted electric field, the reflection coefficient is

F =7+ Fsupt 7Y exp(dimnoX j /Aprobe)s (2.12)

where 7 and 7y, are the reflection coefficients respectively at the surface and the

interface, fli and ff are the transmission coefficients through the surface respectively
for incoming and outgoing light.
In analogy to formula (2.9), we have for 7;

2[ = nd + k) Any — 2noko Ak; ]
(1-— ng + ké)2 + 4n(2)k8
2[( = n§ + k) Aky + 2noko Any ]

—i : 2.13
(1 —nf +k)* + 4ndk] @19

a:%b—

As for 7y, neglecting all second-order perturbation terms, one obtains

(Anp + i Akp) — (Ansup + i Aksup)
2(ng + iko) + (An; + iAkp) + (Angyp + i Akgyp)
o (An; — Angyp) + i(Ak; — Akgyp)
~ 2(no + iko) '

T'sub =

(2.14)

It is apparent from the comparison of Egs. (2.13) and (2.14) that the surface and
interface reflections have very different magnitudes. While the surface reflection
is composed of two terms, respectively of the zeroth and first orders, the interface
reflection only shows a first-order contribution. This is due to the fact that, unlike
the surface reflection, the interface reflection only exists because of the perturbation.
Since we neglect all second-order terms, using formula (2.4), we can write

qubﬁtw = 27 (An; — Ansu?)) +i(Ak; — A'ksub)
(1 —ng —iko)(1 + no + iko)
_ 2, [ (1 — nd +k3)(An; — Angup) — 2kono(Ak; — Akgup)
(1 —n§ +k3)? + 4njkd
(1 — nd + k3)(Ak; — Akgup) + 2kono(An; — Angyp)
(1 = nf + k3)? + 4ngks

+i

}. (2.15)

Putting Eqgs. (2.12),(2.13) and (2.15) together and neglecting all second-order
terms, this gives for the reflectance
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R ~ |7 |* + 2R (FyFsunt | T exp(dimnoX j /Aprobe))

4
= Ro|1—
0{ (1 —n2 + kD)% + 4n2k3

x [(1 — nd + k§)Any — 2noko Ak

- ((1 — 1§ + k) (Ang — Angp) — 2kono(Ak; — Akww)
x cos(4mnoX j/Aprobe)

+ ((1 — n§ + k§)(Aky — Akgup) + 2kono(An; — Ansub))
x sin(4mwnoX /)\probe)j| ], (2.16)

where 7 is the complex conjugate of 7. Assuming again that ko < ng, the pertur-
bation of the reflectance is

4Ry
AR|pox = [Anl

n% —1
— cos(4mnoX j /Aprobe) (An; — Angyp)
+ sin(47no X j /Aprobe) (Ak; — Akgup)]. (2.17)

This equation is of very high importance in this work. It indeed shows the interest
of reflection techniques for the depth-determination of a refractive index perturba-
tion. Though reflection techniques are surface techniques, they are able to probe the
in-depth variations in refractive index with high sensitivity thanks to the interference
between the reflections respectively occuring at the surface and at the interface of
the box. This is the main reason why optical reflection techniques are usually very
attractive for the non-destructive determination of e.g. layer thicknesses [2]. Besides,
Eq.(2.17) proves to explain with great accuracy the perturbed reflectances experi-
mentally observed on CVD box-like doping profiles (Chap. 6.2). It will therefore be
frequently used for the assessment of our model.
Notice finally that, if X ;=0, formula (2.17) nicely reduces to formula (2.11).

2.3 Double Box-Like Perturbation of the Complex
Refractive Index

We consider here the problem of a perturbation of the refractive index which has
three abrupt transitions, one at the top surface, one at a depth X ;; and a last one at
a depth X j>. This situation is shown in Fig.2.5. The perturbation of the refractive
index has a value (An; +i Akjp) in the top box, a value (Anjs +i Ak;jp) in the second
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Fig. 2.5 A double box-like Tlaip = 1
perturbation of the refractive " 5
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box and a value (Angyp +1 Akgyp) below the second box. The unperturbed refractive
index of the sample is uniform and equal to (n¢ + iko).

As can be expected, the perturbation of the reflection coefficient is here due to
the coherent sum of the three reflections occurring at the surface and at the two
interfaces. In other words, generalizing Eq. (2.12), the reflection coefficient can be
written

F=Fn + b)) fli] exp(dinoX j1 /hprobe) + Fsubly) ff] f,Tzfliz exp(4imnoX j2/Aprobe)-
(2.18)
In analogy with Eq.(2.9) for 7; and Eq. (2.14) for 7}, and 7y, the reflection coeffi-
cients on each interface are respectively

2[A = nd + k) Anyy — 2noko Akyy ]
(1-— n% + k(%)2 + 4n%k%

1 =Fo[1 -

2[(1 = nd + k3) Ay + 2noko Anyy
o (1 — n2 + k)2 + 4n2kZ
_ (Anp — Anp) +i(Akjp — Akpp)
o 2(no + iko)
(Anpp — Angyp) + i (Akip — Akgyp)
2(no + iko) ‘

(2.19)

%) (2.20)

sub =

2.21)

Similarly to Eq.(2.15), we have
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—nd +k3)(Anp — Anp) — 2kono(Akyy — Akp)
(11— ng + k(%)2 + 4n%k§

s e
rlzt[Tltlil = 2r0[

2
;=15 + k) (Akin — Akiz) + 2kono(Aniy — Anio) ] (2.22)

(1 —nj + k)2 + 4n3k3

—nd + k) (Anp — Angyp) — 2kono(Akp — Akgup)
(1- n% + kz)2 + 4n2k%

U . [
r subtletlﬁszztzé =25 0[

(1 — n§ + k§)(Akia — Aksup) + 2kono(Angy — Angyp) ]
(1 —nd +k)?* + 4nlk]
(2.23)

Plugging Eqs. (2.19), (2.22) and (2.23) into Eq. (2.18) and neglecting all second-
order terms in refractive index variations, we have

= |7 ?

+ 2N Fi) 7Y exp(@imnoX 1 /dprobe))

+ 2R Fsubty s Ty eXp(Ai 0 X 2/ Aprobe))
(1 —nd +k3)? + 4ndk]

X |:(1 — n(z) + ké)An” — 2noko Ak

_ ((1 — n(2) + k(z))(An“ — Anp) — 2kono(Ak;p — Aklz))
x cos(4mnoX j1/Aprobe)

+ ((1 - ”(% + k(%)(Akn — Akp) + 2kono(Anyy — A’712))
x sin(4mnoX j1/Aprobe)

- ((1 — 1§+ k) (Anp — Angyp) — 2kono(Akpy — Akmw)

x cos(4noX j2/Aprobe)

+ ((1 — n3 4+ k) (Akpp — Aksup) + 2kono(Anpy — An.mw)
X sin(4nn0Xj2/Aprobe):| ] (2.24)

Assuming again that kg < ng, the perturbation of the reflectance is
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4Ry
ARldouble-box = —5— | Anqi
(n() -1
— cos(4mnoX j1/Aprobe) (Anyp — Angz)
— cos(4mnoX j2/Aprobe) (Anpp — Angyp)

+ sin(4wnoX j1/Aprobe) (Akjy — Akj2)

+ sin(4wnoX j2/Aprobe) (Akip — Akxub)] (2.25)

2.4 Arbitrary Perturbation of the Complex Refractive Index

Building the theory as we have, it is now fairly easy to derive a general formula for a
staircase perturbation of the complex refractive index with N abrupt transitions such
as presented in Fig.2.6.

Generalizing Egs. (2.12) and (2.18) for the case of an N-transition staircase gives

F=r+ r12t[1t11 exp(4imnoX ji/Aprobe) + rl3t11t[¢1t1T2112 exp(dimnoX j2/Aprobe)
4.
+ 71<N—1)51T15¢15Tzfz¢2 )i —2) XPEITNOX (v -2) [ hprobe)

+ Flele flll ffszz e flT(N—l)Eli(N—l) exp(4imnoX j(n—1)/Aprobe)- (2.26)

The expression for the surface reflection 71y is given by Eq.(2.19). As for the other
reflections 7, (n = 2, 3, ..., N), a generalization of Eq. (2.20) gives

P (Anl(,],1) — Anyy) + l'(Akl(n,]) — Akpy)
" 2(no + iko) '

(2.27)
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Generalizing Eq. (2.22), we therefore have

~ ) =

il - L= lig-1

(1-— n(2) + k(z))(Anl(n,]) — Anyy) — 2kono(Akjy—1) — Akpy)
(1 = n} 4+ k3)? + 4ndkl

=

L4= ng + k) (Akiy—1) — Akiy) + 2kono(Anygy—1) — Angy)

. (2:28)
(1 — nd + k)2 + 4nk} ]

which gives the reflectance when plugged into the following generalization of
Eq.(2.24)

~ 2
R =|r]

N
29[ 73 D it h Y -1y €XP@ITROX 1) /Aprobe) |- (229)
n=2

If the thickness of the layers becomes infinitesimal, i.e. the perturbation of the refrac-
tive index varies continuously with depth, Eq. (2.27) becomes

_ d(An+ink)
14 = —-—
M= 2o + iko)

3 1 d(An + iAk)d
" 2(ng + iko) dz

Z, (2.30)

and the sum appearing in Eq.(2.29) must be turned into an integral to give

)
—ng —iko)(1 +ng +ikg)

R = | ? + 20 <f5 T

+008 A Ak)
n—+i .

X / (T exp(4imnoz/Aprobe)dz
0+ '

v
- X
(1 —n} +k3)% + 4n3k3

= Ro[l (1 = nd + k3)An(z = 0) — 2noko Ak(z = 0)

+o00
aA Ak .
+ 1+ n(z) + k%) (/ anz(z) cos(4mnoz/probe)dz — BZ(Z) 51n(4ﬂnoz/xpr0be)dz)
0+

+0o0

" ANk dA .

+ 2kono (/ 8z(Z) cos(4mnpz/Aprobe)dz + ;Z(Z) 31n(4ﬂn0z/kpr0be)dz)] ] (2.31)
0+
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For Si in the red and NIR range, Eq. (2.31) becomes

Ro

4
AR S
[Profile W1

[An(z =0)

+0o0
9A Ak
+ / (8—nz(Z) cos(4nnoz/kpmbe)—a—z(z) Sin(47'[n0Z/)Lpr0be)) dz].
0+
(2.32)

It can be easily checked that in the case of a box-like perturbation of the refractive
index, formula (2.32) reduces to (2.17).

2.5 Second-Order Effects

As mentioned in the Introduction, the reflection formulas derived in this chapter
assume the absence of any oxide layer at the interface between air and the silicon
sample. Similarly, the derived formulas only consider laterally homogeneous pertur-
bations of the refractive index. These two assumptions are respectively looked at in
Sects.2.5.1 and 2.5.2 below.

2.5.1 Impact of the Presence of a Native Oxide

An oxide always exists at the interface between air and silicon. Hence, its impact
should be evaluated. For this purpose, we propose to consider the case of a box-like
perturbation of the refractive index, as studied in Sect.2.2. On top of the structure of
Fig.2.4, we add an oxide layer of thickness f,xijge and of refractive index! noxige =
1.45 [7], such as represented in Fig.2.7.

This effect should be studied as a function of #yxjge but, since the native oxides
present on our samples have measured thicknesses between 0 and 2nm, we take
the worst-case scenario, i.e foxide = 2nm. We further assume that the refractive
index perturbation does not propagate into the oxide. Figure2.8 shows that, for a
real refractive index perturbation with Ang,, = —10~* (typical value encountered
in the present work) and Aprobe = 670 nm, the normalized variation |(ARXide —
ARBox)/ARpox (X ; = 0)| in reflectance perturbation is no more than 1.2 % whether
An;=0o0r —0.5 x 107,

! Given the large refractive index contrast both at the air-oxide interface and at the oxide-silicon
interface, multireflection formula [2] must be considered in the oxide layer (large reflection coeffi-
cients at both interfaces)
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Fig. 2.7 Oxide layer of n=1
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For completeness, note that Fig. 2.8 does not show the behavior of the relative error
(ARgéide — ARBox)/ARpox. This error indeed diverges at X; & Aprobe/(810) ~
22 nm, due to the vanishing amplitude of ARpox. As Fig.2.8 shows, the absolute
error remains small even at X ; ~ 22 nm.

In summary, this effect can be neglected. It is, however, important to keep in mind

that the variation grows with increasing oxide thickness.
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2.5.2 Impact of a Lateral Variation in Refractive
Index Perturbation

Thus far in this chapter, only laterally homogeneous perturbations of the refractive
index have been considered. If An(x, y, z) also varies with x and y, this effect will
obviously be mirrored on the local reflectance perturbation AR(x, y). Typically, in
this work, reflectance perturbations radially decay as damped waves (see Chap.6),
ie.

AR(r) = AR(r = 0)exp(—r/LX) cos2rr/AR), (2.33)

wherer = /x2 + y2is defined as the radial distance to the maximum of the perturba-
tion, L 5 is the decay length and A ¥ is the wavelength of the reflectance perturbation.
Figure 2.9a shows three examples of (normalized) reflectance perturbations behav-
ing like damped waves with decay length L 5 = 2 wm and respective wavelengths
AR =100, 10 and 1 um. As shown in Chap.6, this is a relevant range for our
experiments.

The probe laser irradiance distribution ITyobe () being

2
;
Hprobe(r) = 7)l(j.)robe €xXp (_ 2 ) ) (234)
Rprobe
where Pgrobe is the peak irradiance of the probe laser and Rpope is its radius, the

measured reflectance perturbation A Ripgegrated Will be a convolution of the local
reflectance perturbation A R(r) with the probe laser irradiance distribution, i.e.

o0
2 r2
A Rintegrated = Rz— rdr AR(r) exp _Rz
0

laser laser

2 7 R R r?
= 2 rdrAR(r = 0)exp(—r/L;)cos@mr/A") exp _R2 ,

laser 0 laser,

(2.35)

Note that we willingly restrict the present study to the case of corresponding positions
of the maximum of the reflectance perturbation and of the probe irradiance.
Figure2.9b shows the ratio of A Rjntegrated, i.€. the reflectance perturbation as
measured by the probe laser, divided by the local reflectance perturbation at r = 0,
i.e. AR(r = 0). Obviously, when the decay length and wavelength are both long,
A Rintegrated s very close to AR(r = 0). This is the situation encountered in a vast
majority (> 95 %) of our measurements, as highlighted by the dotted box in Fig. 2.9b.
On the contrary, if the decay length and/or the wavelength become commensurate
with Rprobe, strong deviations are observed, which can even lead to A Rintegrated
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Fig. 2.9 a Examples of normalized reflectance perturbations behaving like damped waves
(Eq.(2.33)) with decay length Lg = 2pum and AR = 100 um (dashed line), AR = 10pm
(interrupted line) and AR = 1 wm (triple-interrupted line). The thick black line is the normalized
irradiance distribution (Eq. (2.34) with Rprobe = 0.5 jum). b Variation in the ratio of the integrated
reflectance perturbation (Eq. (2.35)) divided by the signal at » = 0 as a function of the decay length
of the reflectance perturbation. The dotted box shows the typical situations found in this work,
where the impact of the lateral integration is minor

and AR(r = 0) being of opposite sign (AR = 1 um). In these cases, the lateral
integration cannot be ignored.

In this study, we try to work with analytical expressions as much as possible. The
lateral integration of Eq.(2.35) will therefore be omitted in our model. If required,
however, our calculations can take it into account. Only minor impact of this effect
has been observed for the specific case of the structures measured in this work. This
justifies the omission in the rest of this dissertation.

2.6 Summary

In this chapter, we have investigated the mathematical relationship between a refrac-
tive index perturbation and the subsequent perturbation of the sample reflectance, as
can be measured by a probe laser in the red and NIR range. We have shown that, due to
interference effects, the relationships vary greatly according to the depth-dependence
of the refractive index perturbation. Of particular importance in this work, we
have derived analytical expressions in the cases of a homogeneous refractive index

perturbation
4R

2
ny—1

AR|h0mogeneous = Angyp, (2.36)
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in the case of a box-like refractive index perturbation

4Ry
AR|pox = ) [Anl
ny—1
- C()50(47'[’10}(]' /)\probe)(Anl — Angyp)
+ Sin(4'7'”10)(]‘ /)\probe)(Akl - Aksub)]a (2.37)

and in the case of an arbitrary profile of refractive index perturbation

Ry
AR|profile = PN |:An(z =0
(n() -1
i JdA Ak
+ / (T() COS(4n”OZ/)¥probe)_3—;) Sm("’ﬂn()z/)\probe)) dZ:| )
0+

(2.38)

all the symbols being as defined in this chapter.

Further, we have shown that these expressions are valid even in the presence of
a thin native oxide and in the case of laterally varying refractive index perturbations
provided the lateral variations are not too abrupt.
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Chapter 3
Theory of Perturbation of the Refractive Index

In this Chapter, we consider that some perturbation of the free electron distribution
N(x,y,z,t), of the free hole distribution P (x, y, z, t) and of the temperature distri-
bution 7 (x, y, z, t) is present within a silicon sample due to doping and/or optical
injection. We investigate how these distributions modify the complex refractive index
n(x,y, z, t) of the sample.

Without any loss of generality, the perturbed electron, hole and temperature dis-
tributions respectively read

N('x? ya Zv t) == NdOpll’lg(-xa y5 Z) + AN(-x’ y9 Za t)
= Ndoping(xa ¥,2) + ANo(x,y,2)
+2|AN1(x, y, 2)| cos(wt — Oy1(x, Y, 2))

fundamental
+00
+ D 2IAN;(x, y, 2)| cos(jet — Onj(x, ¥, 2) 3.1)
j=2

j th harmonic
P(x,y,2,1) = Paoping(x, y,2) + AP(x, y,2,1)
= Pdoping(x, ¥, 2) + APy(x,y,2)
+ 2[APi(x, y, 2)| cos(wt — Opi(x, y,2)))

fundamental
+o00
+ D 20AP;(x, y, D)l cos(jwr —Opj(x,y, 2)) (32)
j=2

j thharmonic

T(x,y,z,t) =Ty + ATp(x, y,2) +2|AT1(x, y, z)| cos(wt — Or1(x, Y, 2))

fundamental
+o00
+ D 2ATj(x. y. 2)| cos(jot — Orj(x. y. 2)), (3.3)
j=2 j thharmonic
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where Ndoping (resp. Paoping) and AN (resp. A P) are respectively the electron (resp.
hole) concentrations due to the homogeneous doping of the sample and due to opti-
cal injection. Ty is the environment temperature during the experiment, i.e. room
temperature (300K). ANy(x, y,z), APy(x,y,z) and ATy(x, y, z) are the time-
independent components of the perturbations respectively of the free electron distrib-
ution, of the free hole distribution and of the temperature distribution. | AN (x, y, z)|
[resp. On1(x, y,2)], |APi(x,y,2)| [resp. Op1(x, y,z)] and |ATi(x,y, z)| [resp.
Or1(x, y, z)] are the half-amplitudes' (resp. phases) of the fundamental mode of
the perturbations respectively of the free electron distribution, of the free hole
distribution and of the temperature distribution. AN (x, y, z) [resp. On;(x, y, 2)],
APj(x,y,z) [resp. Opj(x,y,z)] and AT;(x, y, z) [resp. 07 (x, y, z)] are the half-
amplitudes (resp. phases) of the jth harmonic of the perturbations respectively of
the free electron distribution, of the free hole distribution and of the temperature
distribution.

As a consequence of these perturbations, the complex refractive index 71 (x, y, z, t)
reads

n(x,y,z,t) = no + Ang(x, y, 2) + Ani(x, y, z) cos(wt — ¢1(x, y, )

fundamental
+00
+ D Aiij(x, y, 2) cos(jot — ¢(x, y,2)), G4
j=2

j th harmonic

as already introduced in Chap. 2.

In this Chapter, we identify the various physical phenomena accounting for varia-
tions in refractive index so as to link mathematically the different components of the
perturbation of the refractive index appearing in Eq.(3.4) to the components of the
perturbations of N, P and T appearing in Egs. (3.1), (3.2) and (3.3). It is important
to note that, similarly to Chap. 2, we here limit ourselves to small perturbations of
the refractive index. As a consequence, no frequency mixing occurs and a general
theory of perturbation can be developed independently from the time dependence
of the perturbation. In the rest of this Chapter, we therefore drop the j subscript
and look at the variation A7 in refractive index due to arbitrary perturbations AN,
AP and AT. In particular, we show, in Sect.3.1, that free carriers, electric field
and temperature can impact the refractive index 7 of Si. In Sect.3.2, we study the
electrooptical effects, i.e. the effects of carriers and electric field on 7. In Sect. 3.3,
we investigate the thermooptical effects, i.e. the impact of temperature on 7.

1 ANj(x,y,z), APj(x,y,z) and AT;(x,y,z) (j = 1,2,...) are defined as the j th Fourier
coefficients of the perturbations of respectively the electron, hole and temperature distributions
throughout this thesis. Though the use of half-amplitudes might look odd in formulas (3.1), (3.2)
and (3.3), it proves necessary so as to comply with the definitions used in the rest of this thesis.
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3.1 Refractive Index of Electrically Conductive Materials

Following Maxwell’s wave equation [1], the complex refractive index of an electri-
cally conductive material at the optical angular frequency wprobe Of the probe laser
reads

~ . = ~ io (a)probe)
n=n+ik = \/E = Glattice(wprobe) +— (3.5)
Wprobe €0
————

€o

where n and k are respectively the real and imaginary parts of the complex refractive
index, also called respectively the (real) refractive index and the extinction coefficient.
€ is the total dielectric constant, €]uyice 1 the dielectric constant of the intrinsic semi-
conductor (no free carriers available for conduction), o is the frequency-dependent
electrical conductivity and € is the dielectric constant of vacuum. Equation (3.5)
clearly highlights that there exist two contributions to the refractive index, (i) €jatice
and (ii) €, . The first contribution, €jaice, accounts for all band-to-band (or inter-band)
effects. €jaice Varies explicitly with temperature [2], electric field [3], and implicitly
with free carrier concentration [via carrier-induced bandgap narrowing [4] (BGN)
and band-filling [5] (BF)]. The second contribution, €., contains the electrical con-
ductivity (i.e. the free-carrier) information, and is linked to all intra-band effects. It
varies explicitly with the free carrier concentration and implicitly with temperature
(via the carrier mobility).

The previous considerations show that the perturbations of the refractive index
can be of three kinds. First, a perturbation of the carrier (i.e. electron and/or hole)
concentration would impact the refractive index via both €jyyice and €,. Second, a
perturbation of the temperature distribution would also modify the refractive index
via €jice and €, . Finally, the presence of an electric field would modify the refractive
index via €jice. In other words and in all generality, a perturbation of the refractive
index reads

ni= AN Papy DA i | Eang ZEap K AR
n=— — —. | — — —.
dN aP OFE dN apr oF
—_——— S——
Drude+BGN+BF Pockels+Kerr Drude+BGN+BF Franz-Keldysh
electrorefraction electroabsorption
electrooptical
v ar wi Ear (3.6)
oT boar ' '
—_—— ——
thermorefraction thermoabsorption

thermooptical
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In the following Sections, we review the different effects and discuss their relative
magnitudes for Si at a 670nm wavelength (1.85eV), i.e. for the probe laser of TP.
Note, for the sake of completeness, that a very complete review of the published
data concerning this problem can be found in Ref. [6] and, with even more details,
in Ref. [7]. Unfortunately, numerically speaking, both authors limit the study to
wavelengths relevant to fiber-optic communication (A = 1.3 and 1.55 pm). These
results can therefore not directly be used in our investigations. A conclusion which
can be derived from these investigations, however, is that although all published
models and experimental data agree qualitatively, very large variations in the derived
numerical values of the derivatives of Eq. (3.6) are found (up to a factor 10!). In this
Chapter, we therefore limit our study to the simplest models. Chapter 6 is anyhow
dedicated to the comparison of the (complete) developed model with experimental
data.

3.2 Electrooptical Effects

The electrooptical effects account for the changes in complex refractive index due
to either the presence of free carriers or of an electric field. Three free-carrier elec-
trooptical phenomena are to be reported, namely (i) the Drude effect (Sect.3.2.1),
(ii) the carrier-induced bandgap narrowing (BGN) effect (Sect.3.2.2) and (iii) the
band-filling (BF) effect (Sect. 3.2.3). In addition, three electric-field effects are to be
taken into account, namely the (i) Kerr, (ii) Pockels and (iii) Franz-Keldysh effects
(Sect.3.2.4).

3.2.1 Drude Effect

The Drude effect accounts for both electrorefraction (i.e. change in n) and elec-
troabsorption (i.e. change in k) due to a variation in electrical conductivity [1], i.e. a
variation in €,. We show here that, at high optical frequencies like in red and NIR,
the electrorefractive Drude effect is linear (An proportional to N) and the electroab-
sorptive Drude effect is negligible.

The frequency-dependent Drude electrical conductivity due to charge carriers of
charge q and mobility x and in concentration Ny is [8]

N,
o= 4t 3.7)

- . 9
- la)probe/ Wscatt

where wscar = ¢q/(m ) is the scattering frequency of the carriers and m their mass. In
silicon, this scattering frequency is much smaller [8] (~10 THz) than the optical fre-
quencies wprobe corresponding to red and NIR wavelengths (~1 PHz). In other words,
the high-frequency electrical conductivity is purely imaginary (no resistive losses).


http://dx.doi.org/10.1007/978-3-642-30108-7_6

3.2 Electrooptical Effects 43

Using formula (3.5) and assuming a real €j,ice (Ref. [9]), the complex refractive
index then reads, using first-order Taylor expansion,

H 2
- - i qNg - q
n = \/Elattice + | €lattice — 3 Nq

Wprobe €0 1—i 6UprobeuT Dprobe €071
2
~npf1-—4 N (3.8)
2a)pmbeeon0m

The first derivatives of the real and imaginary refractive indices can therefore be
written respectively

2

on q 1 3
— |Drude = — s = —2.036 x 10 cm (3.9a)
IN 2a)probeeono Me
———
=B
3 2 1
7 Ibrude = — 2"— — =—1.371 x 107 ? cm? (3.9b)
orP 2W510pe€0N0 M
—————
=B
ok k
ﬁbrude ~ a_P|Drude 2 0, (3.9¢)

where S is the so-called Drude coefficient and m, and m, are respectively the electron
and hole effective masses. The numerical values are given for the probe laser of TP
(670nm). Interestingly, the expression of 8 shows its independence from mobility
and, hence, from temperature. The variations in €, with temperature are therefore
negligible in the considered wavelength range.

For completeness, notice that Eq.(3.9) are strictly only valid in visible and
NIR wavelengths. Deeper in the infra-red, the extinction coefficient of Si strongly
increases with free carrier concentration. This is often referred to as free carrier
absorption (FCA) [8]. Notice also that, besides being very small in visible and NIR
wavelengths, 9k /90 N |prude and 0k /0 P|prude are also always positive. In other words,
the Drude contributions to the real and imaginary refractive indices have opposite
signs and different orders of magnitude.

3.2.2 Carrier-Induced Bandgap Narrowing (BGN) Effect

The presence of free carriers in a silicon sample modifies the band structure of the
lattice (Fig.3.1a). The free carriers renormalize the sample bandgap E, (Ref [4]),
which, in turn, modifies the complex refractive index via €jyice-

Physically, the change in band-to-band absorption coefficient o g7 p stems from the
increase in available states for electron-hole pair generation for a fixed wavelength.
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Fig. 3.1 a Schematic of the band structure of Si. The impact of BGN and BF effects are indicated
between brackets. E. is the lowest energy level of the conduction band and E,, the highest energy
level of the valence band, the bandgap is E, = E. — E,. E 7 and E ‘; are respectively the electron
and hole quasi-Fermi levels, the optical bandgap is Egptml ~ E;i —F 5} It is implicitly assumed
in this figure that the semiconductor is highly degenerated (£ ’; and E ? are located in the bands).

b Impact of BGN on the variation in aprp with photon energy. Eg is the bandgap energy before
BGN

Above the indirect absorption edge Eg, the band-to-band absorption coefficient is
such that [8]

aprB X (hwprobe — Eg)z, (3.10)

where i = h/(2m), h being Planck constant. A narrowed bandgap induces there-
fore an increased absorption coefficient (see Fig.3.1b), i.e. an increased extinction
coefficient. Given the Kramers-Kronig (KK) relationships [10] between n and k, it
is easy to understand that BGN also impacts 7.

Though this contribution has been measured and studied in the literature
[3, 11, 12], no model exists to quantify it, even approximately. To explain math-
ematically the BGN effect e.g. due to the presence of free electrons, the following
equation should be used

o DEg (n . ok G
— =—\—+i—). .
aN PN T N \9E, ' OE,

Two terms therefore need to be quantified. Attempts to quantify the first term,
0E4/dN, can be found in the literature [4]. The second term, (0n/0E, +idk/0E),
has, to the best of our knowledge, not been fully modeled. Since a simplistic theo-
retical approach for modeling this term proves to overestimate the impact of BGN
on n and k [13], we believe the complexity of this issue falls out of the scope of our
investigations.
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As an alternative, we propose an approximate quantification technique based on
the comparison of experimental spectra measured respectively on doped and undoped
silicon. This study further needs the following three assumptions. First, though dop-
ing not only impacts E, via the added free carriers (plasma- or carrier-induced
BGN) but also through the presence of dopant impurities (doping-induced BGN),
we neglect the latter. Second, we assume a linear BGN electrooptical effect, i.e.
the n and k variations due to BGN are proportional to the free carrier concentration.
Finally, we assume that the effect of BGN on the optical functions is independent from
whether the BGN is induced by electrons or holes. None of these three assumptions
is actually valid but they provide the framework for an approximate quantification
of the BGN electrooptical effect. We believe that the obtained order of magnitude of
the effect is acceptable.

We focus our study on the experimental data of Ref. [9] and Ref. [14], where
broad spectra of n and k with a high density of data points are provided for undoped
and highly doped (Ngoping ~ 3 X 1020 cm’3) silicon. This is ideal for KK trans-
form needed to study the electrorefractive BGN effect (see below). We compare in
Fig.3.2a—d the experimental spectra of respectively the real part of €, i.e. €] = N(€),
the imaginary part of €, i.e. €2 = J(€), n and k measured on lowly doped silicon and
highly doped silicon. The observed difference between the spectra at low and high
doping is due to the difference in free carrier concentrations, i.e. both to the Drude
and BGN effects.”

Figure 3.2e shows the spectra of the differences in optical functions at high and
low doping. Three quantities are to be discussed, i.e. the carrier-induced increase
in extinction coefficient | Ak|, the total carrier-induced reduction in refractive index
| AnTo| and the BGN-induced increase in refractive index | Anggn|. First, it can be
seen that, though small, the variation Ak is not negligible. As mentioned earlier, the
Drude effect expects a negligible variation in k (at least an order of magnitude smaller
than the observed variation). In other words, the observed |Ak| is a BGN effect. In
the particular case of the TP probe laser, we have Ak = 0.00897. Second, the total
variation Anty in refractive index, resulting from a combination of the Drude and
BGN effects, can also be observed in Fig. 3.2e. Interestingly, these variations are in
good agreement with the Drude effect of Eq. (3.9a) in the energy below approximately
3 eV. This indicates adominant Drude effect. Finally, Fig. 3.2e also shows the increase
in n due to BGN. Though less direct, the Drude and BGN contributions to the total
variation in refractive index can indeed easily be separated. The €; spectra being free
of any Drude contribution (in the range of interest, i.e. the red and NIR range), they
can be KK transformed using the following formula

E'es(E’
2B g (3.12)

) +00
e}‘K(E>=KK<ez>=1+;P/ ET-ET
0

2 The BF effect studied below will prove to be negligible
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Fig. 3.2 aExperimental €| spectra of respectively lowly doped (full line) and highly doped (dashed
line) silicon. b Experimental € spectra of respectively lowly doped (full line) and highly doped
(dashed line) silicon. ¢ Experimental n spectra of respectively lowly doped (full line) and highly
doped (dashed line) silicon. d Experimental k spectra of respectively lowly doped (full line) and
highly doped (dashed line) silicon. e Spectra of the differences |Ak| (full line) and |An| (dashed
line) measured respectively on highly doped and lowly doped silicon. The dotted line represents
the spectrum of the BGN-induced variation Anpgn in n as obtained from KK transform. The
interrupted line shows the theoretical electrorefractive Drude effect (Eq. (3.9a)). The vertical dotted
line indicates the energy of the TP probe laser (1.85eV)

where P is the principal value of the integral and E is the photon energy [10]. The
obtained e{q( spectra are then equally free of any Drude contribution. The difference
in the resulting n spectra (i.e. N (, /e{(K + €7)) gives therefore the BGN-induced

variation Anpgn in real refractive index. It can be seen that, around the energy of
the TP probe laser, though larger than Ak, Anpgn is slightly less than one order of
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magnitude smaller than the total variation in z. In the particular case of the TP probe
laser, we obtain Antys = —0.0654 and Anggn = 0.0146.
Combining these results with the three assumptions mentioned above, we derive

on n _

mlBGN = 8_P|BGN =5x 103 cm® (3.13a)

ok ok _

S 1BoN = 25 lBaN =3 x 107 em’, (3.13b)
for the probe laser of TP.

Hence, following this approach, the electrorefractive BGN effect is smaller than
the electrorefractive Drude effect (Eqs. (3.9a) and (3.9b)). It further has opposite sign,
reducing the total impact of the carrier upon the real refractive index. We will see in
Chap. 6, however, that a reduced impact of the free carriers is to be rejected. Based
on our experimental data, we will indeed conclude that the electrorefractive effect is
underestimated. For this reason, we neglect this contribution in the rest of this thesis.

The electroabsorptive BGN effect has no Drude counterpart and should therefore
be included in our theory. However, it is about one order of magnitude smaller than
the Drude electrorefractive effect and can consequently be considered as a second-
order effect. Though we do not include this effect in our main theory, we still look for
traces of this effect in Appendix A.6. The final conclusions of these investigations
are that it is never observed on ultra-shallow junctions.

3.2.3 Burstein Shift or Band-Filling (BF) Effect

Similar to the BGN effect, when free carriers are present in a silicon sample, the
optical bandgap also suffers from modifications due to BF (Fig. 3.1a). Free electrons
indeed fill the energy states at the bottom of the conduction band, making them no
longer available for absorption by a valence electron. Free holes empty the energy
states at the top of the valence band, leading to similar reduction in absorption coeffi-
cient. In summary, free carriers widen the optical bandgap, which in turn diminishes
the absorption coefficient.

However, we do not expect any Burstein shift in our experiments. This effect is
indeed only effective when a carrier density is reached such that the carrier distrib-
utions are degenerate. It is usually assumed that this occurs when the electron (resp.
hole) quasi-Fermi level lies 4k, T above (resp. below) the bottom of the conduction
band (resp. the top of the valence band), k;, being Boltzmann’s constant and 7' the
lattice temperature. In Si at 300K, this corresponds respectively to an electron con-
centration of 1.7 x 10**cm™> and a hole concentration of 6.4 x 10! cm™3. These
concentrations are hardly ever reached in our experiments. Besides, even in cases
of higher carrier densities, only enhanced absorption is observed [3, 11, 12, 15],
i.e. BGN-induced variations in refractive index seem to dominate in silicon. This
is confirmed by the experimental spectra shown in Fig.3.2. This effect is therefore
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neglected in this work. It is, however, important to keep this effect in mind in the
case of small effective mass semiconductors (such as InSb), where this effect can be
considerable [5].

3.2.4 Pockels, Kerr and Franz-Keldysh Effects

The Pockels and Kerr effects are respectively first- and second-order electrore-
fractive effects due to the presence of an electric field [3, 8]. The Franz-Keldysh
effect accounts for electroabsorption due to the presence of an electric field [3, 16]
(enhanced band-to-band absorption under high electric field due to band bending).
These effects impact €jaice. A very thorough investigation of these phenomena has
been conducted by Aspnes [17]. These effects can be taken advantage of in order to
quantify the electric field at the junction between two semiconductors [18] or at the
surface of a semiconductor sample [19].

In the case of TP, these three effects can be neglected for two reasons. First, they
are significant only at wavelengths very close to the (direct or indirect) bandgap
of the studied semiconductor [3, 20]. Second, for reflection to be sensitive to an
electric field, the in-depth extension of the electric field needs to be of the order of
the wavelength. The Debye length, giving the screening length of an electric field by
free carriers in density Ny is [21]

Loevye = / (€tticecoksT)/ (@ Ny), (3.14)

where kj, is Boltzmann constant. In a TP experiment, the involved carrier concen-
trations are at least ~10'® cm™3, the extension of any electric field is therefore only
a couple of nanometers. In summary, due to the high carrier concentrations present
in the sample, an electric field E(x, y, z, ) generates a very local peak of refractive
index perturbation, which induces negligible perturbation of the reflectance. The
Pockels, Kerr and Franz-Keldysh effects are therefore not considered in the rest of
this thesis.

3.3 Thermooptical Effects

In all generality, a variation in sample temperature modifies the complex refractive
index via both €jaice and €, . However, the variations in €, have been demonstrated to
be negligible in the considered wavelength range (Sect. 3.2.1). The temperature there-
fore only impacts the complex refractive index through €jyice. These variations stem
mostly from the thermally induced BGN and partly from thermal expansion [22].
To model the total thermooptical effects, we use a fitting of experimental
data [2]. This fitting shows that the thermoabsorption is negligible with respect to
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thermorefraction and that thermorefractive effect is linear, i.e.

o
M 5 =371 x 107K, (3.15)
9T

where the value is given for the probe laser of TP.

Very importantly for the rest of this work, we would like to underline the fact that
the thermorefractive and electrorefractive effects have opposite signs (Egs. (3.9) vs
(3.15)), i.e. an increased carrier concentration reduces the real refractive index while
an increased temperature raises the real refractive index. This competing behavior
proves to be dominated by the electrorefractive effect in most cases studied in this
work. Using Egs.(3.9) and (3.15), it is easy to demonstrate that the thermorefrac-
tive effect indeed only becomes dominant when AT (K) > 1078 AN (cm™3) if we
assume equal free electron and hole concentrations (A N). We will see in Chap. 6 that
the latter situation is never observed on the DC reflectance (free carriers due to active
doping always dominate). We will, however, see that the thermorefractive effect
dominates the AC reflectance in the case of highly doped substrates (active doping
>5 % 10" cm™3). This will lead to a very interesting behavior of the AC reflectance
when the electrorefractive and thermorefractive effects are commensurate (active
doping ~210'? cm~3). Similarly, the AC reflectance on highly damaged samples, e.g.
implantation profiles before annealing, is also dominated by the thermorefractive
effect [23-31]. This last case is, however, not the focus of this work.

3.4 Summary

In summary, for TP, the electrooptical and thermooptical effects in silicon can be
summarized by adding formulas (3.9) and (3.15), i.e.

Aiean= AN+ ap+ a2 gl AN plap toar
n = n = _ = —pH— iy g—— )
IAN OAP aT m, m

(3.16)

As highlighted by Eq.(3.16), only real variations in refractive index are expected.
Furthermore, the variations due to an increase in free carrier concentration or tem-
perature have opposite signs.

Formula (3.16) is in agreement with the commonly used optical model for PMOR
[32, 33]. It has, however, to be kept in mind that formula (3.16) assumes negligible
impact of BGN on the complex refractive index. This is discussed in more detail in
Appendix A.6 where we look for traces of the BGN effect in our experimental data.
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Chapter 4
Theory of Carrier and Heat Transport
in Homogeneously Doped Silicon

In this chapter, we assume that a supra-bandgap modulated pump laser and a supra-
bandgap constant probe laser shine on a homogeneously doped silicon sample with
respective irradiances [Tpump(x, y, #) and Iprobe (x, y) such that

2 2
xX“+y
Mpump (X, ¥, 1) = Ppump () €xp (— 2 )
pump

2 2
0 x“+y 1 1
= Ppump €XP (— ) ) |:§ + 5 cos(wt)

pump

— P9 CE AN L o + L exp(oian
= Ppump EXP 72 5 + 7 explio 7 SXp(—iw

pump
4.1)

2 2

x“+y

Mprobe (X, ¥) = Pprobe EXP (——2 ) : 4.2)
probe

where Ppump(?) is the time-dependent pump irradiance at position (x, y) = (0, 0),
?gump (resp. Pgmbe) is the peak value of the pump (resp. probe) irradiance, Rpump
(resp. Rprobe) 18 the pump (resp. probe) radius and w is the angular modulation
frequency of the pump laser irradiance.

As a result, a free electron distribution N(x, y, z,1), a free hole distribution
P(x,y,z,t) and a temperature distribution 7 (x, y, z, t) are generated in the sample

such that

N(x,y,z,1) = Ndoping + AN(x, y, z, 1)
= Ndoping + ANo(x, y, 2)
—_—
dc
+[ANi(x,y, 2) exp(iot) + AN} (x, y, 2) exp(—iwt)]

fundamental
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+00

+ > [AN; G, v D explijon) + AN} (x, v, ) exp(—ijon)|
j=2

j harmonic
(4.3)
P(xsyaz»t) = PdOpiIlg+ AP(-xvvavt)
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—— ——
dc
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+00
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~—————
dc
+ [ATi(x, y, 2) exp(iot) + AT](x, y, z) exp(—iwt)]

fundamental
+00

+ 3 [AT 0y, D expjon + AT}, v, 2) exp(—ijon) |
j=2

jth harmonic

4.5)

where Ndoping (resp. Pdoping) and AN (x, y, z,t) (resp. AP(x, y, z, t)) are respec-
tively the electron (resp. hole) concentrations due to the homogeneous doping of
the sample and due to optical injection. Ty is the environment temperature dur-
ing the experiment, i.e. room temperature (300K). ANy (x, y, ), APp(x, y, z) and
ATy(x, y, z) are the time-independent components of the laser-induced perturba-
tions respectively of the free electron distribution, of the free hole distribution and
of the temperature distribution. ANy(x, y,z), APi(x,y,z) and ATi(x,y, z) are
the fundamental modes of the laser-induced perturbations respectively of the free
electron distribution, of the free hole distribution and of the temperature distribu-
tion. AN;(x,y,z), AP;j(x,y,z) and AT;(x, y, z) are the 7™ Fourier coefficients
of the laser-induced perturbations respectively of the free electron distribution, of
the free hole distribution and of the temperature distribution. AN*, AP and AT].*
(j = 1,2, ...) are the complex conjugates of jth Fourier coefficients of respectively
the electron, hole and temperature distributions.

At this point, we believe it is a good opportunity to make the following remark
concerning the use of complex notations in this thesis. Both the optical model and
the transport model involve a modulation and, hence, benefit from the convenient
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use of a complex notation. First, due to the modulation of the electromagnetic field at
the optical frequency of the probe laser, the optical model uses a complex refractive
index (Eq.3.5). Second, the transport model includes the modulation of the pump
irradiance (Eq.(4.1)). The pump-generated excess carriers and temperature there-
fore also are written as complex numbers (Egs. (4.3)—(4.5)). Obviously, these two
complex notations should not be confused or intermixed. Luckily, the ambiguity
can be eliminated. Indeed, the final equations of the optical model (formulas (2.11),
(2.17), (2.25), (2.31) and (3.16)) are purely real. As of this chapter, the only complex
notation is therefore related to the time variations in the excess carrier concentration
and temperature at the modulation frequency of the pump power. This explains why
the free electron, free hole and temperature distributions are written as real numbers
in Chap.3 and as complex numbers in the present chapter. The two notations are
obviously equivalent.'

In this chapter, we would like to calculate the various components of the free
electron, free hole and temperature distributions (Egs. (4.3)—(4.5)) generated by the
pump and probe irradiances (Egs. (4.1) and (4.2)). In particular, in Sect. 4.1, we intro-
duce the thermodynamic model of carrier and heat transport. In Sect.4.1.1, we show
that it is possible to simplify the carrier transport equations into one single equa-
tion, namely the generalized ambipolar diffusion equation for the carrier transport.
Similarly, in Sect.4.1.2, we simplify the heat transport problem. In Sect.4.1.3, we
then study the equations which need to be solved to derive the various harmonics of
the electron, hole and temperature distributions. Unlike in the previous chapters, the
here considered perturbations of the electron and hole concentrations can be large
compared to their equilibrium values. We show that this implies frequency mixing,
i.e. coupled equations. An in-depth discussion of the time-dependent transport equa-
tions is therefore needed. Section4.2 is then dedicated to the study and discussion
of the solutions of the derived carrier and heat transport equations.

Note that, though this chapter focuses on homogeneously doped Si, the derived
results and understanding are of the highest importance for the next chapter, where
the carrier and heat transport theory is studied in non-homogeneously doped Si.
Chapter S will indeed show that, when a doped layer is present at the surface of a
silicon sample, the excess carrier and temperature distributions can easily be derived
from the distributions found in a homogeneously doped sample, as studied in the
present chapter.

4.1 Thermodynamic Model

The thermodynamic model is an extension of the drift-diffusion model including the
thermoelectric effects, i.e. the interactions between temperature and carriers. These
effects have hardly ever been discussed in the framework of PMOR. Wagner [1] incor-
porated these effects a posteriori in his model to show that they should be negligible.

! The required equivalence justifies the use of the half-amplitudes in Egs. (3.1)—(3.3)
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Opsal [2] also studied the effect of thermodiffusion of carriers (similar to a Seebeck
effect) but only considered constant thermodiffusion coefficients. We, however, take
these thermoelectric effects into account a priori and then show consistently when
they are negligible. We also include the bandgap narrowing quasi-drift.

In this work, we make use of the model introduced by Kells (Sect. 2.3 of Ref. [3]).
More particularly, we use the simplified model derived in Sect.2.3.6 of the same
reference [3], where it is assumed that electrons and holes are in thermal equilibrium
with the lattice (electron temperature 7}, hole temperature 7, and lattice temperature
T are equal). This assumption is acceptable for silicon if the investigated time scale
is not shorter than a few picoseconds, i.e. the thermalization time of hot carriers [4].

In the thermodynamic model, the carrier transport equations, i.e. Poisson’s equa-
tion and the electron and hole continuity equations, are written in their usual form
as

—Véo€latice: V¥ = g(P — N + N — N) (4.62)
AN 1= -
— = -V.J,+G — Rec (4.6b)
at q
P 1~ -
— =——V.J, + G — Rec, (4.6¢)
ot q

where v is the electrostatic potential linked to the total electric field E by the fol-
lowing relationship _
E=—Vy. (4.7)

Nj and N, are respectively the ionized donor and acceptor concentrations. G is
the total carrier generation term, Rec is the carrier recombination rate. .7” and J, »
are respectively the electron and hole current densities. In our model, these currents
respectively read

Jn = —qun NV +qDy VN +kpptn NVT — 1y NV x (4.82)
D N—— ———— ——
f,?"f‘ j;l:liffusion jnSeebeck ]”BGN
Jp=—qupPVy —qD,VP —kppp,PVT —u, PV (x + E,), (4.8b)
—_—
jgrm jgiffusian fgeebeck j[}}GN

where w, and u, are the electron and hole mobilities respectively, D, and D), are
respectively the electron and hole diffusivities and yx is the electron affinity of the
considered semiconductor.

Both the electron and hole currents proposed in formulas (4.8a, 4.8b) contain
four components. First, the usual drift contribution J; j drift (i = n or p) accounts for
the movements of charge under an applied electric ﬁeld (not considered here) and
internal electric fields. Two examples of such internal fields are of importance in
this work. The Dember electric field generated by moving distributions of charges
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with opposite signs is studied in Sect.4.1.1. The built-in electric field of a diode is
discussed in Chap.5. The second current contribution is the diffusion component
.Ediff“Sion (i = n or p), which accounts for the displacement of charges towards
regions of low concentration. Third, the thermodynamic model adds a current term
J,.seebeCk (i = nor p) proportional to the temperature gradient to embody the Seebeck
effect. Finally, we have also included the BGN quasi-drift currents [5, 6] J:BGN to
account for the drift of electrons under gradients of affinity and the drift of holes
under gradients of both affinity and bandgap. It has indeed been shown that the BGN
quasi-drift currents are needed to model PMOR correctly [7]. We show in Sect.4.1.1
that this BGN-induced drift acts as a counter-diffusive term.
In the thermodynamic model, the heat transport equation reads

T
pepar = kin V2T + (hvpump = Eg)G + (B} — B +qT(Py — P Rec
—_—

G direct recombination
th G th

A VAL - AP, - = OPp o
L 1l Jr|p| _T(jn__”vzv+],,. pVP)

qunN — qupP aN P
G}Izule G:’;ltier
_T(f,,.apna”fp.ﬂw), (49)
oT oT
G;l;lhomson

where p is the density of Si, ¢, its heat capacitance, k;j, is its thermal conductivity.
E ; and £ ’; are respectively the electron and hole quasi-Fermi levels. P, and P, are
respectively the electron and hole thermoelectric powers (see Sect.4.1.2).

The heat equation shows five heat generation terms. First, Gf}f“t is due to the
fast thermalization of hot carriers. Second, G;;’lcombi“aﬁ"“ is the heat released by
carrier recombinations. Third, the Joule heating ngule occurs whenever a current
flows through any electrically resistive material. Finally the fourth and fifth contribu-
tions represent respectively the Peltier heating Gfﬁltier, arising whenever an electrical
current crosses a gradient of thermoelectric power, and the Thomson heating
GlThhomson, which takes place whenever an electrical current flows through a tem-

perature gradient.

In the rest of this Section, we look at both the carrier and heat transport equa-
tions above and simplify them in the specific case of TP. This leads to the gen-
eralized ambipolar diffusion equation (Sect.4.1.1) and a simplified heat equation
(Sect.4.1.2). In order to derive separate equations for the different Fourier coeffi-
cients of the carrier and temperature distributions of Egs. (4.3)—(4.5), we proceed
with an in-depth discussion of the time dependence of the coefficients appearing in
the final equations in Sect.4.1.3. This will lead to our final steady-periodic model
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equations, i.e. a system of four coupled nonlinear equations solving for ANy (x, y, z)
[= APy(x,y,2)], ANi(x, y,2) [= APi(x, y,2)], ATo(x, y, z) and ATy (x, y, 2).

4.1.1 Generalized Ambipolar Diffusion Equation

Rather than directly solving the heavy problem of the carrier transport Eqs. (4.6a—
4.6a) combined with the current Egs. (4.8a, 4.8b), we would like to simplify it to a
single equation, namely the generalized ambipolar diffusion equation. To attain this
objective, the following four steps are needed.

The first simplification is the charge balance approximation (electrical neutral-
ity). This assumes that the laser-induced electron and hole distributions are equal
everywhere and at all times [i.e. AN(x, y,z,t) = AP(x,y,z,t)]. This obviously
assumes no trapping but, most of all, it also supposes that electrons and holes diffuse
and drift at the same speed, in spite of their different mobilities and, hence, diffusiv-
ities [8]. This approximation is realistic due to the presence of the internal Dember
electric field which is generated by separated electron and hole distributions [9]. As
Poisson’s Eq. (4.6a) shows, in a homogeneously doped silicon sample, any disparity
(AP — AN) creates an internal field such that

q
€0€lattice

V.E =

(AP — AN). (4.10)

This field tends to slow electrons down and accelerate holes so as to keep their density
equal everywhere.

Since the internal field is created by the difference (A P — AN) itself, the electron
and hole densities cannot be exactly the same, i.e. the charge balance is only an
approximation. It is, however, a good approximation if the disparity (AP — AN)
needed to create the field is small compared to the actual excess carrier densities
AN and AP. McKelvey showed that, in the isothermal case, the charge balance is
a good approximation if the Debye length is much smaller than the carrier diffusion
length (p. 331-332 of Ref. [9]), which is always the case in Si (nm vs. pwm). In the
non-isothermal case, one needs to make sure that the internal field is also strong
enough to counteract the natural tendency of electrons and holes to separate via their
Seebeck currents. We follow the same reasoning as McKelvey did in the isothermal
case. Assuming charge balance in the current Eq. (4.17) presented below, we can
write the total current density

Jror = Iy + Jp = q(uaN + pp PYE + (DI °T — DIOTYV(AN)
+ kp(uaN — i P)VT. 4.11)

The internal field must be large enough so as to ensure that the total current density
is zero (no applied field), i.e.
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} (DIOT — pTOT) _ o (N — 1P -
E=__" V(AN) — MVT. (4.12)
(unN + pupP) q(unN + ppP)

Plugging this electric field into Eq. (4.10) leads to

_(DTOT TOT) ANy - Ky (N — 11, P)

(AP — AN).
(UaN + ppP) q(unN + MpP) 6Oelattlce

(4.13)
For the sake of simplicity, the coefficients of the two gradients in the left hand-side of
Eq. (4.13) have been considered uniform. The relative difference between the excess
electron and hole concentrations can therefore be written

6()Elattice(Dy{OT - DZOT) Vz(AN)
Q(M11N+Mpp) AN

AP—AN|
AN o

€0€latticekp (Un N — 11, P) V2T

3 4.14)
(N +ppP) AN

The first term of the right hand-side of Eq. (4.14) corresponds to the term discussed
by McKelvey and has been checked to always be small in Si. The second term is also
small if, additionally,
€octatiicekp [V*T|
1, 4.15
Assuming an excess temperature decaying exponentially with a characteristic length
Lﬁih (see Sect.4.2), the above expression becomes

Lepye [N — P| AT
ye
wp av 1 < (10

Owing to the thermal diffusion length being significantly longer than the Debye
length in TP (um vs nm), the condition of Eq.(4.16) is always verified (<1074
even in the worst case of highly doped substrates). In other words, the concentration
disparity (AP — AN) needed to create the internal field is much smaller than the
concentrations A P and AN themselves, which ensures that charge balance is a good
approximation even in the non-isothermal situation studied in this work.

Second, we assume that the BGN currents are only due to the generated free
carriers. This is obviously valid in a homogeneously doped semiconductor sample.
In this case, followmg Refs. [10, 11], VX = Bx/a(AN)V(AN) and V(X +Eg) =
a(x + Eg)/Z)(AN)V(AN), and the current Eq. (4.8) can be rewritten

Jp = —qunNVy +gDIOTVN + kyu, NVT (4.17a)
Ty =—qu,PViy — qDTOTVP kpu, PVT, (4.17b)
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with the total diffusivities

N d
DnTOT—D . Mn X

=D, —=n (4.18a)
DBGN
P, d E Pu, |d E
pror —p, 4 Pro 0t E) _ - Prp |00t Eg) (4.18b)
d(AN) q d(AN)
DgGN

The two derivatives in Egs.(4.18a, 4.18b) can be expressed using e.g. Schenk’s
BGN model [12]. BGN quasi-electric fields act therefore as counter-diffusive terms.
The involved additional terms DFY" and DESN are indeed always negative, hence
reducing the total carrier diffusivities.

Third, we add together Egs. (4.6b) and (4.6¢) respectively multiplied by the hole
conductivity g u , P and electron conductivity g i, N, using the definition Eqs. (4.3),
(4.4) and the current Egs. (4.17a,4.17b). This gives the crucial generalized ambipolar
diffusion equation

0AN = S 2
. = HaV(AN).VY + D VA(AN) + G — Rec
k N k 2 NP
ky pnpp(N + )V(AN) T + bMv%, (4.19)
g wnN+upP q punN +pupP
where
N-P
1, = bt ) (4.202)
/'LnN"‘:uPP
m PDTOT_i_M NDTOT
p, = "2 kit N (4.20b)
UnN + pp P

are respectively the ambipolar mobility and ambipolar diffusivity. It has been
assumed that V(D VAN) D;VZ(AN) (i = n or p) since the variations in carrier
diffusivities are much smoother than the variations in carrier concentrations (see e.g.
Fig.4.15 of Ref. [13]). Equation (4.19) contains all the carrier transport information
needed for the understanding of a PMOR measurement, not only for silicon but also
for other materials where electrothermal ambipolar motion of electrons and holes is
allowed.

The fourth and final simplification consists in neglecting three of the terms in
formula (4.19).

First, we neglect the first (drift) term of the right-hand side of Eq. (4.19). McKelvey
shows that the drift effect related to the internal field is considerably smaller than
diffusive effects in the isothermal case. In the non-isothermal case, we must check
that similar conclusions can be reached about the internal field given by Eq. (4.12).
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We must have

) (DTOT _ pToTy (N — o P)
1V (AN). | =2 r G any 4 WaN = 1pP) &
(MnN+MpP) Q(MnN"‘,U«pP)
< ‘DaVZ(AN)’ . 4.21)

This is verified if we have simultaneously

|AN|<<'(H«nN+MpP)(N+P) (4.22)
Hp)
and
th
(1N + 1y P) (N + P)
AT T 4.23
ATl < Pl (N — 1, P) (P =N |’ (*29

The derivation of Eqgs. (4.22) and (4.23) assumes Boltzmann statistics and exponen-
tially decaying carrier and temperature distributions with respective decay lengths
Lgl and Lff‘ (see e.g. Sect.4.2). As checked by McKelvey (p. 330 of Ref. [9]), the
first condition is always verified in Si. The second condition is valid, owing to the
small magnitude of the temperature perturbations (less than one percent of 7). We
show in Sect.4.2 that this is indeed always the case for a silicon substrate in the
irradiance range of TP. For other highly absorptive materials like Ge, however, this
term may be expected to be significant.

Second, we neglect the last two (Seebeck) terms of the right-hand side of
Eq.(4.19), respectively proportional to the gradient VT and laplacian V2T of the
excess temperature. Let us assume that electrons and holes have equal mobility u
and equal diffusivity D = k;, T 1¢/q. In this case, we have for the VT term

kb Unp(N + P) -

kp VT
V(AN).VT = —,u,V(AN) VT ~ DV(AN). - (4.24)
q MnN+upP q

Once again, the small magnitude (<1 %) of the considered temperature perturbations
renders this term negligible compared to the diffusive term.

Finally, for the V2T term, similar reasoning could be used so as to show that it is
usually negligible. However, this conclusion can be reached in a more elegant way.
Using the time-independent heat equation (see e.g. Sect.4.1.2), one can show that

h —E E
MG — Z8Rec. (4.25)
ken ken

VT = —

Assuming equal mobility and diffusivity for both types of carriers, we can therefore
deduce that
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ko 2unppNP p 2 D(hvpump — Eg) . DEg
q 1N + iy P 1/P+1/N kinT knT
—_— ~——
~102! cm? ~10~2! cm?

(4.26)
In other words, this term reduces the carrier generation and enhances the carrier
recombinations. In the case of silicon, however, it is smaller than 10 % of the carrier
recombination and generation rates if the total electron or hole concentration is lower
than roughly 1020 cm™3. It is therefore neglected in this work. This term in V2T
should, however, be taken into account at very high doping or injection of in the case
of a poor thermal conductor. These results are in agreement with the conclusions of
Ref. [1], which confirms that the Seebeck effect is experimentally never observed and
therefore negligible compared to the diffusive term and the recombination/generation
rates.

4.1.2 Heat Equation

As already mentioned, our main assumption concerning the energy transport is the
equality of the carrier and lattice temperatures. As a consequence, the problem is
summed up by a heat equation with five generation terms (Eq. (4.9)).

The first heat generation term is the direct heating (hot-carrier thermalization).
This contribution occurs before any carrier transport and reads

GUet — (vpymp — Eg)G, 4.27)

where empty bands are assumed. This term is not included in Kells’s model since
Kells considers that the carriers are constantly in thermal equilibrium with the lattice.
This is obviously not possible in the case of optical generation since the carriers are
initially generated with (h2vpump — Eg) energy in excess to the bandgap. This excess
energy is directly (after a few picoseconds [4]) released to the lattice, explaining the
presence of this extra term. This term is usually not included in commercial numerical
simulation software packages, which makes their use impossible when studying
PMOR. This is the main reason for which a dedicated numerical simulation code has
been developed [14] (FSEM). Note that, in theory, the direct heating also includes
a contribution due to free-carrier absorption. This effect is, however, considerably
smaller than the hot-carrier thermalization effect and is therefore neglected [13].
Further, the second generation term is the recombination heat

Grecombination _ [ " ED 4 qT (P, — Pn)] Rec, (4.28)
where the electron and hole thermoelectric powers assuming Boltzmann statistics are

respectively [3] P, = —kp/q [5/2 — In(N/N)] and P, = kp/q [5/2 — In(P/Ny)]
with N, and N, the effective densities of state of respectively the conduction and



4.1 Thermodynamic Model 63
valence bands. Injecting these formulas into (4.28) gives
Grecombination — (g 4 5k, T)Rec. (4.29)

Using Boltzmann statistics in the definition of the thermoelectric powers has implic-
itly modified the impact of band-filling by the excess carriers. As mentioned for
the direct heating, we consider empty bands when it comes to heat generation. As
the 5k, T term of formula (4.29) is related to band-filling, it has to be ignored. Fur-
ther, we observe below that this term needs to be neglected for the sake of energy
conservation. This is consistent with the usual modeling [1, 15].

The next three generation terms are usually not taken into account and are
all proportional to a power of the currents. It is easy to show that they all are
negligible at room temperature. Using the one-dimensional linear model which
will be developed in Sect.4.2.1, assuming low-frequency diffusive currents (i.e.
Jp = =Jp = —q/Dy/TAN where 7 is the carrier recombination lifetime) and
equal hole and electron mobilities, one finds that

AL T2 AN AP
|Gloule| _ | " <kpT (7 + —) Rec < (2kpT)Rec (4.30a)
aunN — qupP NP
. - 9P, - - 0P) - AN AP
Pelt n P
|GHettier) — T (Jn. v VN J,,.WVP) <kpT (T + 7) Rec < (2kpT)Rec
(4.30b)
. 9P, - - 9P, - NP D
GThomson =|-7(7,. nyT J _JVT < |k, AT |l 4 Rec,
G | noT +Jp PYa = | kb n NoN, 2D, Tt ec
(4.30c)

where w is the pump angular modulation frequency. At room temperature, these three
heat generation terms account therefore for only a few percent of the recombination
heat and can therefore be neglected.

Note that the total energy of the system is conserved. The sum of the direct heating
and recombination contributions integrated over the sample volume is equal to the
incoming optical (non-reflected) energy. Kells shows that conservation of energy is
also ensured in a more general case [3].

4.1.3 Steady-Periodic Model Equations

In summary, based on the considerations of Sects.4.1.1 and 4.1.2, the simplified
coupled system of equations to be solved is the following

IAN
——= D,V*(AN) + GP"™ 4 GP*® _ Rec (4.31a)

aT
pCp— = kg V2T
P ot

+ (hvpump — E)GP"™ + (hvprobe — Eg)GP™ + EgRec,  (4.31b)
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where GP'™P and GP™® are the carrier generation rates respectively due to the pump
and the probe lasers.

Since we are dealing with modulated distributions of the carrier concentration and
the temperature (Eqgs. (4.3)—(4.5)], it is convenient to write directly the equations for
the different harmonics of these distributions. Plugging Eq. (4.3) into Eq. (4.31a) and
relying on the orthogonality of the exponential functions, we obtain the following
steady(-periodic) equations to be solved for the different Fourier coefficients of the
carrier concentration and temperature

JjiwAN; = [DaVX(AN)]; + G"'™ + GP* — Rec; (4.32a)
jioAT; = [Dy, VH(AT)];
+1/pep) {[ivpump = EQ)G™™; + [(hvprone — E)G™™];
+[EgRec];} (4.32b)
forj =0,1,2,3,...,

where Dy, = ki /(pcp) is the sample thermal diffusivity. In the ambipolar diffusion
Eq. (4.32a), we have assumed the following Fourier expansions respectively of the
carrier generation rate G'* (1) (laser=probe or pump), of the carrier diffusion rate
[D,VZ(AN)](¢) and of the carrier recombination rate Rec(z)

Glaser(t) — Gbaser
400

+ > G exp(ijor) + (GH)* exp(—ijwr)] (4.33a)
j=1

[D,V*(AN)I(t) = [D,V*(AN)]o

+00
+>° {[DaVZ(AN)]j exp(ijot) + [Dy V(AN exp(—ija)t)} (4.33b)

j=1

Rec(#) = Recy
+00

+ Z[Recj exp(ijot) + Rec;f exp(—ijowt)]. (4.33¢)
Jj=1

Similarly, in the heat Eq. (4.32b), we have assumed the following Fourier expan-
sions respectively of the direct heating [(Avigser — E g)Glaser] (t) (laser=probe or
pump), of the recombination heat [ E;Rec](z) and of the heat diffusion rate [ D V2
(AT)](1)

[(AVviaser — Eg)Glaser](t) = [(hviager — Eg)Glaser]O
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+00
+ > {1 0ser = QG explijoon) + [(nvier = E)G™*'1; exp(—ijo)
j=1
(4.34a)
[E¢Rec](r) = [E Rec]y
+o00
+ Z {[EgRec]j exp(ijot) + [EgRec]j exp(—ija)t)} (4.34b)
j=1
(D VEH(AT)I(t) = [Dy V2 (AT)]o
400
+ Z {[D,hVZ(AT)]j exp(ijot) + [Di V3 (AT)T exp(—ija)t)} ) (4.34¢)

j=1

Equations (4.32a, 4.32b) together with Eqgs. (4.33a—4.33c) and (4.34a—4.34c) are
the model equations for the calculations of the Fourier coefficients of the carrier
concentration and temperature. As such, we have an infinite system of coupled non-
linear equations to be solved. However, as we show below, this system can be greatly
simplified in the specific case of TP on silicon.

The key to simplifying the problem lies in the evaluation of the efficiency of the
nonlinearity of our model Eq. (4.32a,4.32b) to couple and to generate harmonics. The
efficiencies of all the nonlinear effects should therefore be examined. We start with
the nonlinear carrier generation rate in Sect.4.1.3.1 and proceed with the nonlinear
carrier diffusion rate in Sect.4.1.3.2. The nonlinear carrier recombination rate is then
investigated in Sect.4.1.3.3. Though the heat Eq. (4.32b) are expected to be linear,
owing to the small magnitudes of the temperature perturbations, we briefly discuss
the heat generation rate in Sect.4.1.3.4 and the heat diffusion rate in Sect.4.1.3.5.

As it turns out, we shall show that the harmonic-generation efficiency of these
nonlinear effects is negligible in our study. Only four equations among (4.32a, 4.32b)
will therefore remain (ANg, ANy, ATy and ATy). These equations will, however,
be coupled by all the nonlinear effects and predominantly by the nonlinear diffusion
and recombination rates.

To prove these statements, we propose to take a case study. In theory, both the
cases of low and high carrier injections should be discussed. However, in case of low
injection, all coefficients of the system become independent from the excess carrier
concentration. The system retrieving its linearity, the low-injection case is trivial and
does not need any further discussion. We therefore focus on the case of high carrier
injection. More particularly, we consider the typical example of a lowly doped p-type
silicon sample ( Pgoping = 10" cm™3) illuminated by a supra-bandgap laser with the
following modulated irradiance

0 0 0

P P P
Plaser (1) = —7 4+~ expion) + =3 exp(—ion). (4.35)
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We suppose that only the constant and fundamental modes of the excess carrier
distribution are excited, i.e.

AN(x, y,2,1) = ANei(x, v, 2)[1 + cos(wt)]
= ANget(x, v, 2)[1 + 0.5exp(iwt) + 0.5exp(—iwt)],  (4.36)

with ANe£(0,0,0) = 10’8 cm™3. The considered variation with time in carrier
concentration is depicted in Fig.4.1 both in the time domain (Fig.4.1a) and in the
frequency domain?® (Fig.4.1b).

Note, finally, that this study is focused on the behavior at position (x, y,z) =
(0, 0, 0). The spatial dependence is therefore not explicitly written in the rest of this
study.

4.1.3.1 Nonlinear Carrier Generation Rate

The optical carrier generation rate> G of a supra-bandgap laser follows Beer’s law
[17], i.e.

laser x2 + y2 laser
G(x,y, z,t) = “BTB(I — R0)Plaser (t) €xp ~ 52 exp(_aBTBZ)/(hvlaser),

laser
(4.37)
where ozg‘%%r is the band-to-band absorption coefficient of silicon at the optical fre-
quency Viaser Of the laser. Plager(?) is the laser irradiance, Riager 1S the radius of the
gaussian laser beam. Rigorously, R should actually be replaced by R in Eq. (4.37),
i.e. the perturbed reflectance (Chap.2), but the small amplitude of the considered
reflectance perturbations can here be neglected.

The band-to-band absorption coefficient algl%eBr is the most complex parameter of
Eq.(4.37). It has already been discussed in Sect.3.2.2 where we show that it not
only varies with the laser wavelength but also with the sample bandgap and therefore
carrier concentration. In other words, owing to the presence of ag‘{% in Eq. (4.37),
the optical carrier generation rate is nonlinear. To model this effect, we make use
of Schenk’s BGN model [12] and Smith’s band-to-band absorption model [18]. The
reason for using Smith’s band-to-band absorption model is that, contrary to most
models, the bandgap energy appears directly in this model. It is therefore possible
to account for the variations in absorption coefficient with carrier-induced BGN.
Note, however, that the combination of these models tends to underestimate the
band-to-band absorption coefficient compared to experimental values [19, 20]. This
is illustrated in Fig.4.2, where it is observed that the values of the bandgap needed

2 Since we only deal with real distributions in this work, the negative frequencies are never discussed
or represented. They can of course be deduced by symmetry with respect to j = 0

3 The only carrier generation rate considered in our investigations is the optical generation rate. We
neglect the thermal generation of carriers in spite of the heating occuring under the laser beams.
This can be justified by the low excess temperatures considered in this study (see Sect.4.2 and
Ref. [16]).
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Fig. 4.1 a Time-domain representation of the considered example carrier concentration (black
curve) and of the various harmonics composing it (colored curves). b Frequency-domain represen-
tation of the considered example carrier concentration. The Fourier coefficients corresponding to
negative frequencies can be deduced by symmetry with respect to j = 0

to fit the experimental ogTp with Smith’s model are always smaller than expected
from Schenk’s model. We will come back to this in Chap. 6.

Based on Schenk’s and Smith’s models, we would like to evaluate the coupling and
harmonic-generation efficiencies of the nonlinear carrier generation rate. In order
to do so, we first need to look at the time dependence of the bandgap and of the
subsequent band-to-band absorption coefficient, i.e.

Eq(t) = Ego
+00
+ D [Egjexplijot) + (Egj)* exp(—ijot)] (4.382)
j=1

laser __laser
aprg () = opTR,

+00
+ D Loy, explijon) + (gt )" exp(—ijon)]. (4.38b)
=1

To quantify each Fourier coefficient of Eqgs. (4.38a) and (4.38b), we plug the excess
carrier concentration of Eq.(4.36) into Schenk’s BGN model and Smith’s absorp-
tion model. We obtain the Fourier series of E, and a};‘%%r shown in Fig.4.3a and b
respectively. More specifically, these Figures show the values of the various Fourier
components normalized by their constant mode. From these Figures, it appears that
the constant mode of both the bandgap and the absorption coefficient is two to three
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Fig. 4.2 Variation in band-to-band absorption coefficient of Si with photon energy for undoped and
highly doped Si (3 x 1029 cm—3). The black triangles and the crossed circles show experimental
absorption coefficients measured respectively on undoped and highly doped Si [19, 20]. The red
and blue curves are theoretical lines given by Smith’s band-to-band absorption model respectively
for Eg = 1.0eV and E, = 0.75¢€V. The values of the bandgap Eg‘ used to fit the experimental data

with Smith’s model are lower than Schenk’s bandgap values E;Chcnk. The combination of Smith’s
and Schenk’s models therefore underestimates agTg

orders of magnitude larger than all the other Fourier components, i.e. E, and alBa%eBr

hardly vary with time at all.

It is therefore a very good approximation to consider only the constant modes
of the bandgap and absorption coefficient, which leads to the following Fourier
expansion of the carrier generation rate

Go = (1= Ro)/ Urvtaser) [ o5, Pler/2 + (5, Phicr/2) |

~ (1 = Ro)/ (hviaser) (0558 Phger/2) (4.39)
G1 = (1 = Ro)/(hviaser) (55, Plaser/4 + OB15, Plaser/2 + 18, Plaser/4)

~ (1 = Ro)/(hViaser) (s Pirser/4) (4.39b)
Gj = (1= R0)/(hViaser) @55, Plaser/* + OB15, Phaser/2 + 75 ., Phaser/4)

~0forj=2,3,.... (4.39¢)

These Fourier coefficients, normalized by their constant mode G, are shown in
Fig.4.4, where it is obvious that the Fourier expansion can be limited to its constant
and fundamental modes. In conclusion, the nonlinear carrier generation rate does not
generate any harmonic.

Besides, the nonlinear carrier generation rate induces very limited coupling since

only the knowledge of ag‘%eBro is necessary for the calculation of all components of
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Fig. 4.3 a Normalized Fourier coefficients of the bangap when a harmonic carrier concentration
such as given by Eq. (4.36) perturbs the bandgap of a sample with 10'> cm™3 p-type doping. The
normalization of the coefficients with the constant mode Eg clearly highlights the dominance of
the latter. These results were obtained using Schenk’s BGN model [12]. b Subsequent normalized
Fourier coefficients of the band-to-band absorption coefficient agtg. The normalization of the
coefficients with the constant mode agtg, also shows that the latter dominates. These results were
obtained using Smith’s band-to band absorption model [18]

the carrier generation rate. It, however, has to be kept in mind that this calculation
requires the knowledge of all Fourier components of the carrier distribution. Though
limited, this coupling still needs to be taken into account.

4.1.3.2 Nonlinear Carrier Diffusion Rate

The carrier diffusion rate D, V>AN presents a nonlinear behavior due to the depen-
dence of the ambipolar diffusivity D, on carrier concentration. The expression of the
ambipolar diffusivity can be derived from Egs. (4.20b) and (4.18a, 4.18b) comple-
mented with the Einstein relationships linking carrier mobilities and diffusivities, i.e.

F E"—E,
ka 172 kpT

SO A N — 4.4
=" A (4.400)
F_1/2 T
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where E, and E, are respectively the conduction band and the valence band edges,
Fi/3 and F_y; are the Fermi integrals as defined in Ref. [5, 6]. To acount for the
dependence of the electron and hole mobilities upon the carrier concentration, we
make use of Klaassen’s model [21]. This model accurately accounts for the variations
in mobility both with doping and carrier injection and is therefore well suited for this
study.

In summary, the dependence of the ambipolar diffusivity upon carrier concentra-
tion is quite complex since the carrier concentration is involved at different levels
of the modeling of this transport parameter. It can be checked in Fig.4.5 that for
lowly doped p- or n-type silicon substrates, our model of the ambipolar diffusivity
nicely follows the experimental behavior presented in Ref. [22]. Note, however, that
the BGN-dependence of the ambipolar diffusivity, embodied by DZ" and D[lf GN|
has not been accounted for in the theoretical curves shown in Fig.4.5. We will come
back to this remark in Chap. 6.

Based on this model, we would like to investigate the coupling and harmonic-
generation efficiency of the nonlinear carrier diffusion rate. Let us first write
the Fourier expansion of the time-dependent electron mobility, hole mobility and
ambipolar diffusivity, i.e.

+00

P (1) = pno + D Lnj exp(ijoor) + (i) exp(—ijon)] (4.41a)
j=1
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Fig. 4.5 Variation in ambipolar diffusivity with carrier injection in lowly doped n- and p-type Si.
The theoretical lines are in excellent agreement with the experimental symbols of Ref. [22]. The
theoretical lines assume DN = DEGN =0

+00
1) = 1p0 + D [y exp(ijor) + (p)* exp(—ijon)] (4.41b)
j=1
+o0
Da(t) = Dag + Y [ Daj explijot) + (Dyj)* exp(—ijon)]. (441¢)
j=1

The Fourier coefficients of these three expansions, normalized by their respective
constant modes, are shown in Fig.4.6 for the specific case of our example carrier
concentration given in Eq. (4.36). It is clearly observed that, for all three transport
parameters, though the constant mode dominates, the harmonics are not negligible.
Most importantly, the fundamental mode of D, is only about five times smaller than
its constant mode.
Taking these results into account, the Fourier coefficients of the diffusion rate of
Eq. (4.33b) can be written in the case of our example carrier concentration
[D,VZ(AN)]y = DaoV>(ANy) + 2R[D*, VZ(AN))] (4.42a)

al
[DaVZ(AN)]; = DaoV*(AN) + Dat VZ(ANo) + D2 VF(ANY)  (4.42b)
[DaV(AN)]; = Da(j—1)V*(ANY) + DgjVA(ANg) + Da(j41) V2 (ANT)
for j=2,3,.... (4.42¢)

The first term of each Eq.(4.42a—4.42c) dominates but the other terms cannot be
neglected. This very important result shows that the nonlinear carrier diffusion rate
acts as an efficient frequency mixer (equation coupling). As can be observed in
Fig.4.7 showing its normalized Fourier coefficients, however, the nonlinear carrier
diffusion rate does not generate harmonics.
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Fig. 4.6 a Normalized Fourier coefficients of the electron mobility 1, when a harmonic carrier
concentration such as given by Eq.(4.36) perturbs a sample with 10'5 cm™3 p-type doping. b
Normalized Fourier coefficients of the hole mobility 1, in the same conditions. ¢ Normalized
Fourier coefficients of the subsequent ambipolar diffusivity D,. The normalization of the coefficients
with the constant mode D, highlights that, though D,o dominates, the other Fourier coefficients

of D, are non negligible

4.1.3.3 Nonlinear Carrier Recombination Rate

In a semiconductor with an indirect bandgap like silicon, carriers can recombine
via two independent phenomena. First, carriers can recombine via a Shockley-Read-
Hall (SRH) mechanism [5], i.e. via a defect level located in the bandgap. Second,
an electron-hole pair can recombine via Auger recombination, i.e. by scattering
on a third free carrier. Notice that radiative recombinations, a third recombination
mechanism, also exists but is very unlikely at room temperature [23] and is therefore
not discussed here. In other words, the total recombination rate reads

Rec = RecSRH 4 RecAveer (4.43)

SRH Auger

where Rec is the SRH recombination rate and Rec
tion rate.

The SRH recombination mechanism involves a free electron and a free hole. It is
therefore easy to understand that the SRH recombination rate Recsry is proportional
to the product of their concentrations. The SRH recombination can be shown to

be [5, 13]

is the Auger recombina-
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Rec*® = (4.44)

where n; is the effective carrier density of silicon [3], y;, (resp. y,) is the Fermi-Dirac
factor for electrons (resp. for holes)

. Fip |[E - Ec] 16T s
exp {[E; - EC] /(ka)]
. Fip |[Eo— E] 60T st

exp {[Ev — E?] /(ka)} ’

7, (resp. Tp) is the concentration-dependent SRH lifetime of electrons (resp. holes),
i.e.

0
T, = _ (4.462)
1+ (Ng + N;)/Nsru
TO
T, = P (4.46b)

1+ (N; +NJ)/Nsru~

where t,? (resp. ‘L’B) are the low-concentration SRH lifetime of electrons (resp. holes)
and Nsgry is the so-called SRH doping concentration [5].

The Fourier expansion of the SRH recombination rate is readily derived assuming
our example carrier concentration of Eq. (4.36)
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after neglecting Pyoping, 7i¥» and n;y before the excess carrier concentration®. In
other words, the SRH recombination rate at high injection is linear and, therefore,
generates no harmonics and no coupling. The Fourier expansion of the SRH recom-
binations is shown of Fig.4.8.

The Auger recombination is a phenomenon which involves three charge carri-
ers. It is therefore easy to understand that the Auger recombination rate involves
third powers of the carrier concentrations. The Auger recombination rate indeed
reads [5, 13]

Rec™'&" = C,N(PN — n}yayp) + Cp P(PN = njyayp), (4.48)

where C,, and C), are two constants [5].

Equation (4.48) shows that Auger recombinations are a strongly nonlinear phe-
nomenon. It can therefore be expected that the Auger recombination rate generates
harmonics. Similar to SRH recombinations, we can directly write the analytical
expression of all the Fourier coefficients of the Auger recombination rate. In the case
of our example carrier concentration of Eq. (4.36), these Fourier coefficients read’

4 See Appendix A.7 for a more general Fourier expansion of the SRH recombination rate
5 See Appendix A.7 for a more general Fourier decomposition of the Auger recombination rate
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The normalized Fourier coefficients are shown in Fig.4.9. As could have been
expected from the third-order polynomial form of Eq. (4.48), Auger recombinations
generate second and third harmonics.

In summary, while SRH recombinations turn out to be linear at high injection,
Auger recombinations are strongly nonlinear, hence inducing coupling and the cre-
ation of harmonics. Though this statement is correct in the most general case, we here
need to remind one specificity of TP. The radii Rjaser Of the probe and pump lasers of
TP are very small (0.5 wm), which strongly favors diffusion over recombinations.®
Consequently, the carrier transport is diffusion-limited up to very high doping con-
centrations in Si. In other words, though harmonics are indeed generated by Auger
recombinations, their magnitude and the coupling they involve are negligible. This
is in agreement with Fig. A.13 of Appendix A.7.1.

6 As a rule of thumb, the relative importance of the diffusion effect over the Auger recombination
can be derived from the ratio D,AN/ [Rlzaser(C w+Cp)AN 3]. It can be checked that for the Auger
recombinations to be commensurate with the diffusion effect, the excess carrier concentration has
to be approximately 102 cm—3. This is two orders of magnitude higher than all the excess carrier
concentration involved in TP.
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4.1.3.4 Heat Generation Rate

The discussion of the heat generation rate is fairly simple. Though it is a linear effect,
both the expressions of the direct heating and recombination heat still involve the
bandgap and could therefore generate harmonics. Further, Auger recombinations also
appear in the recombination heat. However, we have shown in Sect.4.1.3.1 that only
the constant mode E( needs to be considered and that Auger generates negligible
harmonics in a diffusion-limited situation. In other words, the Fourier coefficients of
the direct heating and recombination heat can be written

[(hviaser — Eg)Glaser]o ~(1 — Ro) (hviaser — Eg())/(h Vlaser) (ag%%opgger/2)

(4.50a)
[EgRec], ®E4oRecy (4.50b)

[(MVlaser — Eg) G ]} ~(1 = Ro) (hviaser — E0)/ (MVlaser) (@555, Phaser/4)
(4.50c)
[EgRec], ~E4oRec) (4.50d)
[(hviaser — Eg)G™']; ~0 (4.50e)
[EgRec]j ~0forj=2,3,.... (4.50f)

In conclusion, the heat generation rate does not induce extra harmonics.
4.1.3.5 Heat Diffusion Rate

In Si, the heat conduction occurs via phonons and not carriers. In other words, the
heat conductivity k;j, is independent from the carrier concentration [24]. Further,
the low magnitude of the considered temperature perturbations allows us to neglect
the variations in k5, with temperature. As a consequence, the heat conductivity and,
hence, the heat diffusivity D, = k;;/(pcp) are constant. In other words, the heat
diffusion rate is linear and does not need any further discussion.

4.1.4 Summary

Our case study has shown that our model Eq. (4.32a, 4.32b) can be strongly simpli-
fied. Yet, the conditions of this case study have been chosen very close to the situa-
tions encountered during a TP experiment. The typical excess carrier concentration
reached during a TP experiment are indeed of the order of A N¢. All the conclusions
of our case study are therefore valid for TP. For the carrier equations, this has two
critical implications. First, coupling between the carrier equations, albeit limited,
exists mostly due to the nonlinear diffusion rate and the nonlinear Auger recombi-
nations. Second, only the constant and fundamental modes of the carrier distribution
need to be considered. Other harmonics are excited by the Auger recombinations but
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their magnitudes are negligible since Auger is not a dominant phenomenon. For the
heat equation, the simplifications go even further. First, only the constant and fun-
damental modes are excited. Second, no coupling exists between the heat equations
for the constant and fundamental modes.

Note that the addition of a second harmonic to our case-study excess carrier
distribution (4.36) would have led to the same conclusions. This can be proven
by contradiction. The nonlinear generation rate indeed excites only the constant
and fundamental modes of the excess carrier distribution, independently from the
assumed excess carrier distribution. As a result, the consideration of a second har-
monic commensurate with the constant and fundamental modes would lead to the
absurd situation of the existence of this large second harmonic without any physical
phenomenon accounting for its generation (the second harmonic generated by Auger
recombinations is small in a diffusion-limited regime).

In other words, the general equations to be solved for the carrier and heat transport
are the following

0 = DaoV2(ANy) + 2R[D*, V2(AND] + GP™ + GP™ _ Recy
al 0 0

(4.51a)
ioAN| = DyoVZ(AN}) + Da1 VX (ANp)
+ D2 VAH(ANT) + GT'™ — Recy (4.51b)
0 = Dy V*(ATo) + 1/(pep)[(hvpump — Eg0) G
+ (MVprobe — E40)G™ + E goReco] (4.51¢)

iwAT) = DipVA(ATY) + 1/(pep)[(hvpump — E0)GY™ + EgoRecy], (4.51d)

with the carrier generation rates given by the following Beer’s law

probe probe probe. .~0 x4 y 2
Gy (v, y,2) = agrp, (1 = Ry ) Pprope XP| =5

probe
b
X exp(_agr'[(‘)BZZ)/(thmbe) (4.52a)
Ppo x2 4 y2
G x. 3. 2) = a1 = RY™) 200 o (_ -
pump
x exp(—agrg,2)/ (hVpump) (4.52b)

4 Rigump
x exp(—agrg,2)/ (hVpump).- (4.52¢)

PO x4 y2
GY™P(x, v, 2) = e, (1 — RY™) = eXp(

As already mentioned, in this thesis, we make use of Smith’s band-to-band absorp-

tion model [18] and Schenk’s BGN model [12] to calculate otgr%)z and agifgpo . The
expressions of Recg and Recy, calculated from Egs. (4.44) and (4.48), can be found
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in Appendix A.7. As for D,o, D,1 and D2, they are calculated from Eq.(4.20b)
using Egs. (4.18a, 4.18b) and (4.40a, 4.40b) and Klaassen’s mobility model [21].

We propose to use a final assumption so as to further simplify the model equations.
In TP, the constant probe laser also shines on the sample, leading to a constant mode
of the excess carrier distribution A Ny somewhat larger than the fundamental mode
|[AN1|. As aresult, the terms 2R[ D}, VZ(AN;)] and Dazvz(ANf) can be neglected
in first order. Based on this simplification, it is interesting to note that the Eq. (4.51a)
can be written

VA(ANY) = ——
D

|GE™ + GF™* — Recq . (4.53)
a0

In conclusion, the system (4.51a—4.51d) can now be written

0 = DoV (ANp) + GB"™ + GI™* — Recy (4.542)

D
i0AN] = DoV (AN) = 52 [GE™ + G5 — Reco |
a0

+ GI"™ — Recy (4.54b)
0 = Dy VA(ATY) + 1/(pep)[(hvpump — Eg0) Gy
+ (MVprobe — E40)G™™ + E goReco] (4.54¢)

iwAT) = Dy V(AT + 1/(pcp)[(hvpump — Eg0)GT™ + EgoRecy], (4.54d)

where mainly the recombination terms Recg and Rec; as well as D, still couple
the carrier equations through their dependence upon the constant and fundamental
modes of the excess carrier distribution. Notice that, since D, is negative in most
cases (Fig.4.6c), the term [—Dal / Dao(Ggump + GgrObe — Reco)] acts as a positive
generation term, which will increase the fundamental mode of the excess carriers.
This term is usually forgotten in most transport models for PMOR. For example,
this term explains the difference between the steady-periodic and time-dependent
calculations in [25]. It also explains the underestimation of the excess carriers in
steady-periodic calculations observed in pages 165-166 of Ref. [13]. As we shall
prove, it accounts for about 10 % of the fundamental mode of the excess carriers at
high injection.

Equation (4.54a—4.54d) are our final model equations. In the next Sections, we
look at the solutions of these equations for TP.

4.2 Solutions

In this Section, we look at the solutions of Eqs.(4.54a—4.54d). In order to build
up our understanding of the behavior of these solutions, we propose to begin with
simplified problems. In Sect.4.2.1, we start by solving the one-dimensional linear
problem when only the pump laser is shining. In spite of its quantitative incongruity,
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this one-dimensional solution offers qualitative understanding of the general behav-
ior of the excess carriers and temperature with useful analytical expressions. Second,
in Sect.4.2.2, the linear problem is looked at on a three-dimensional sample. Since
this problem can be solved analytically, we first discuss the analytical solution. We
then compare the results of this analytical solution with numerical simulations run
with FSEM [14] (Finite-element solver for SEMiconductors), a numerical transport
simulator. The numerical results yielded by FSEM and the analytical solution will
prove to be in excellent agreement. This gives us the sufficient confidence to, even-
tually, rely on FSEM to solve numerically the complete nonlinear three-dimensional
problem of Eq. (4.54), the solutions of which are discussed in Sect.4.2.3.
All the solutions below are discussed specifically for the TP630XP tool, i.e.:

e a 790nm (1.57eV) pump laser with 13.5mW power modulated at a frequency
@ = 1 MHz and focused onto a radius Rpump = 0.5 um on the sample

e when relevant (i.e. for the nonlinear problem), a 670 nm (1.85eV) probe laser with
2.5mW power focused onto a radius Rprobe = 0.5 um on the sample.

4.2.1 One-Dimensional Linear Solution

To understand the physics underlying Egs. (4.54a—4.54d), let us start by solving
the linear problem of a pump laser shining at x = 0 on a one-dimensional semi-
infinite silicon sample in the lateral direction. By linear problem, we mean that the
recombination rate is assumed to vary linearly with the excess carrier concentration,
i.e. Rec; = AN;/t (j = 0, 1) where 7 is the carrier recombination lifetime. The
linearity also implies that the ambipolar diffusivity is assumed independent from
excess carrier concentration. In particular, we take D, = 8cm?s~!, which is a
typical value for a carrier injection of 10'8 cm™3 in alowly doped Si sample (Fig. 4.5).
Finally, as an implicit result of the linearity, all coupling between the constant and
fundamental modes of the carrier concentration vanishes.

Since the problem only has one lateral dimension, we need to consider that all
carriers are generated at the surface, i.e. we need to integrate Eqgs. (4.52b) and (4.52¢)
over depth and consider these generation rates as boundary conditions. Further, we
assume a pump laser with zero lateral extension (Rpump = 0). All the photon flux
is therefore concentrated at x = 0. Following Eqs. (4.52b) and (4.52c), this gives
respectively for the constant and fundamental modes of the surface carrier generation
rate Go 0 = (1 = RGO P)Plump/ Qhvpump) and GY*° = G(*""/2. In summary,
we need to solve the following four equations

*ANy 1
T3~ AN =0 (4.552)
X ol

—LAN =0 (4.55b)
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9?ATy = Ey ANg 0

4.55
02k T (4.55¢)
ZAT, ) Eq AN,
— — — 0 AT+ 22— =0, 4.55d
8x2 ath ! + kth T ( )

where 0, = /1+iwt/Ly and oy, = (1 +i)/Lyy, are respectively the wave
vectors of the excess carrier and temperature distributions, with L ,; = /Dyt and
Ly = /2Dy, o their respective low-frequency diffusion lengths.

The following Neumann boundary conditions need to be considered at x = 0
(under the pump beam)

dA Ny

_D _ (;bump 4.
i |y = G0 (4.56a)
AN Gy
—p, = =20 (4.56b)
0x 1x=0 2
OAT,
ki 01 = GP"™ (hvpump — Ey) (4.56¢)
x Ix=0
IAT Gy
k| = =S (tvpump — Ep). (4.56d)

As mentioned above, since we have surface absorption, the four non-homogeneous
Neumann boundary conditions contain the information about the pump carrier gen-
eration and the direct heat generation.

Notice that the one-dimensional steady heat Eq. (4.55¢) together with the boundary
condition (4.56c¢) is an ill-posed problem. One-dimensional Laplace equations such
as Eq. (4.55¢) only accept linear solutions, i.e. solutions of the type ATy = Ax + B,
where A and B are two constants. Yet, this type of solution is incompatible with
our generation terms. For the same reason, the one-dimensional steady ambipolar
diffusion Eq. (4.55a) is also problematic when the carrier lifetime becomes increas-
ingly long. In other words, this one-dimensional case study is not appropriate for
the steady equations. It is, however, very instructive when it comes to the solutions
to Helmholtz equations such as Egs. (4.55b) and (4.55d). We will therefore here
only study the case of the fundamental modes of the excess carrier and temperature
distributions. From the behavior of these distributions, however, we will derive the
expected (and confirmed in the next Sections) behavior of the constant modes.”

Solving Egs.(4.55b) and (4.55d) with the boundary conditions (4.56b) and
(4.56d), the fundamental modes of the excess carrier and temperature distributions

7 Physically, the difference between the equations for the constant and fundamental modes can
be understood from the mean of their respective generation terms. The mean of the harmonic
generation term is zero, which signifies that the equations for the fundamental modes of the carriers
and temperature do not need a sink term. Similarly, when the recombination lifetime is short enough,
the recombination term serves as sink term for Eq. (4.55a), which explains why the problem is well
posed in the short lifetime regime. As for Eq. (4.55c¢), it has no sink term; the problem is therefore
always ill-posed.
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read
pump
ANi(x) = exp(—opix) @7
2 a0 pl
Pump
hv,
ATy (x) = [( P exp(—o,hx)
2kth Oth
f‘g : (exp(—Opzx) _ CXP(_Uthx)) ] (4.57b)
l(o. 7 pl) Gp] Oth

All the qualitative physics concerning the fundamental modes of the excess carrier
and temperature distributions, i.e. the plasma and thermal waves, is contained in
formulas (4.57a, 4.57b). It is clearly seen that both behave as damped waves or
diffusion wave fields (thoroughly described and studied in Ref. [17]), i.e. their lateral
behavior shows an exponential decay superimposed with a harmonic behavior. As a
consequence, throughout this thesis, we use the following description for the lateral
behavior of AN and AT

AN, (x) = |AN; (x = 0)| exp(—idpi (x = 0)) exp(—x/L5%) exp(=2imx /AT
(4.58a)

ATi(x) = |ATi(x = 0)| exp(—ig1 (x = 0)) exp(—x/L")exp(—2imx /A,
(4.58b)

where IANl(x = 0)] [resp. |ATi(x = O)[1, i1 (x = 0) [resp. gy (x = )], LY}
(resp. L 1) and Ap (resp. A’h) are respectively the four characteristics of the plasma
(resp. thermal) wave, i.e. its amplitude and phase under the pump beam, its lateral
decay length and its wavelength.

Figures 4.10a—d respectively show the behavior as a function of the inverse carrier
recombination lifetime (1/7) of the amplitudes, decay lengths, phases and wave-
lengths of the one-dimensional plasma and thermal waves of Eqs. (4.57a, 4.57b).
The sample is undoped Si, so that E, is 1.12eV, p = 2.3 107°kg - cm™3,
cp = 7007 - kg7'K~!and k;, = 1.3W - em™! K~!. Two different regimes can
be identified. First, in the short-lifetime regime, or recombination-limited regime
(corresponding to highly doped or highly injected Si), only the thermal wave shows
a wave-like behavior. The plasma wave is a decaying exponential (zero phase and
infinite wavelength). Second, in the long-lifetime regime, or diffusion-limited regime,
the plasma and thermal waves have very similar wave-like behaviors. The asymptot-
ical behaviors of the presented parameters at short and long lifetimes are also given
in Fig.4.10.

Notice already that the orders of magnitude appearing in Fig.4.10 are linked
to the one-dimensional character of this example and to the infinitely small pump
radius.® As shown in the next examples, the amplitude of both the plasma and the

8 These solutions are actually Green functions, see next Section
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Fig. 4.10 Variation with recombination lifetime in the one-dimensional plasma wave AN (full
lines) and thermal wave AT (dashed lines), solutions of Eqs. (4.55a)—(4.55d) in the case of a TP
pump laser. a The amplitude and ¢ phase under the beam (x = 0) as well as b the lateral decay length
and d lateral wavelength are derived from the analytical solutions expressed in formulas (4.57a,
4.57b). Interesting asymptotic behaviors are also shown. The vertical line corresponds to wt = 1,
i.e. the limit between the diffusion-limited regime (/eft, long lifetime) and the recombination-limited
regime (right, short lifetime)

thermal waves is strongly reduced in a three-dimensional geometry with a laterally
distributed pump irradiance (about two to three orders of magnitude less). This can
partly be attributed to the extra two degrees of freedom for diffusion. As for the
phase, it is closely related to the type of absorption [26] (surface-restricted or not). It
therefore also changes when changing dimensionality. Finally, the diffusion lengths
and wavelengths are also reduced in a three-dimensional problem. However, the
variations are less than one order of magnitude.

The lateral behavior of the plasma and thermal waves of Egs. (4.58a, 4.58b) is
of the utmost importance in this work since it explains the final behavior of the
AR, offset curves in Chap.6. For a better visualization of this lateral behavior,
we therefore represent respectively in Fig.4.11a and b the normalized amplitude
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and the phase of the one-dimensional plasma and thermal waves in the case of a
long recombination lifetime ( = 10~*s). The separate representation of the lateral
behavior of the amplitude and phase of these damped waves in Fig. 4.11a and b, which
we call the complex representation, is very convenient since it splits the damped
wave into its damping behavior (amplitude, decay length) and its wave-like behavior
(phase, wavelength). As highlighted in Fig.4.11a and b, the slopes of respectively the
amplitude and phase behavior give a direct access to respectively the decay length and
the wavelength of the damped waves. For this reason, this representation is widely
used in this work.

For completeness, Fig.4.11c shows the more common real representation of the
normalized plasma and thermal waves, i.e. the lateral behavior of 2R [AN(x)/|AN;
(x = 0)[] and 2R[AT1(x)/|AT;(x = 0)]]. It can clearly be observed that the char-
acteristics of both damped waves become difficult to identify. As a consequence, this
representation is not used in this work.

As a final remark, note that, though only the fundamental modes of the excess
carrier and temperature distributions have been calculated in this Section, it can
be intuitively expected (and confirmed in the next Sections) that the constant modes
ANy and ATy present a similar behavior, except that they have zero phase and infinite
wavelength (i.e. they are real). They are therefore written

ANp(x) = ANp(x = 0) exp(—x/L) (4.59a)
ATo(x) = ATo(x = 0)exp(—x/LM), (4.59b)

where ANo(x = 0) [resp. ATo(x = 0)] and Lf;(l) (resp. L%) are respectively the
amplitude and lateral decay length of the constant carrier (resp. temperature) dis-
tribution. Note that the constant modes do not show a wave-like behavior. We will
therefore, without any ambiguity, often refer to the fundamental modes of the carrier
and temperature distributions as respectively the plasma and thermal waves. Equa-
tions (4.58a, 4.58b) and (4.59a, 4.59b) are critical for the general understanding of
the carrier and temperature distributions and, as we shall see, of the AC reflectance.?

4.2.2 Three-Dimensional Linear Solution

Since the one-dimensional linear problem results in ill-posed steady equations and
misquantified fundamental modes, it is necessary to investigate the problem of a

9 It is obvious that these definitions do not hold in all conditions. For instance, the thermal wave
of Eq.(4.57b), even in the one-dimensional case, is the superposition of two damped waves and
therefore can only be rigorously written as Eq. (4.58b) when one of the two is dominant. Similarly,
when the pump irradiance distribution is not considered to be strictly punctual, the exponential decay
is perturbed (the curvature becomes positive under the pump beam). However, these definitions still
prove to be very convenient for the overall understanding of the lateral behavior of plasma and
thermal waves as well as of the AC reflectance.
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Fig. 4.11 Complex and real representations of lateral behavior of the normalized plasma and
thermal waves for T = 1073 s. Complex representation: variation with the lateral position x in a
the normalized amplitude and b the phase of the plasma (full lines) and thermal (dashed lines)
waves. This representation separates the damping and wave-like behavior of each wave. ¢ Real
representation: variation with the lateral position x in the (doubled) real values of the plasma (full
line) and thermal (dashed line) waves. The damping and wave-like behaviors are simultaneously
shown and therefore difficult to discriminate

pump laser shining on a three-dimensional sample. In other words, we want to solve

the following equations

1

1
V2(ANy) — FANO = —D—Gg“mp (4.60a)
d a
1
VA(AN)) — 0} AN = _D_G‘f“mp (4.60b)
a
1 ANy
Vi(ATy) = _E[(hupump — E)Gh"™ 4 Ey—] (4.60c)
1
1 AN
VX(ATY) — 0}, ATy = ——[(hvpump — EQ)GY"™ + Eg—1.  (4.60d)

kth
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where Ggump and Gﬁmmp follow respectively Egs.(4.52b) and (4.52c). Note that
the problem summarized in Egs. (4.60a—4.60d) and (4.61a—4.61d) has cylindrical
symmetry around the pump beam [situated at (x, y) = (0, 0)]. Equations (4.60a—
4.60d) are to be considered with the following homogeneous Neumann boundary
conditions at the top surface z = 0

0ANy

-D, =0 4.61
“ a7 |z (4.61a)
IAN
_p, = —o (4.61b)
0z z=0
oy 28 T0 0 4.61c)
— = . C
th 9z l2=0
dAT
—ken =0, (4.61d)
dz 1z=0
and at r = 0 (imposed by cylindrical coordinates)
AN,
_p, =0 o (4.622)
or r=0
0AN;|
_p, 20—y (4.62b)
ar r=0
AT,
k=] =0 (4.62¢)
or r=0
AT
k= —o, (4.62d)
ar lr=0

where r = /x2 4 y2.

This problem can be solved analytically. The analytical solution is derived in
Sect.4.2.2.1 assuming a semi-infinite sample. The problem is also solved numerically
in Sect.4.2.2.2 using the following extra boundary condition

AN
D 0

—D, -0 (4.632)
0z lz=L;
JAN
_p, = -0 (4.63b)
0z z=L;
ATy =0 (4.63¢)
z=L,
AT, =0, (4.63d)
z=L;

where L, is the total thickness of the sample.
We will see that the two, analytical and numerical, approaches are in excellent
agreement (<1 % error).
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4.2.2.1 An Analytical Approach

The problem summarized in Egs. (4.60a—4.60d), (4.61a—4.61d) and (4.62a—4.62d)
can be solved by combining the Green function [27] and Hankel transform [28]
theories. The derivation of these analytical solutions is a three-step procedure. First,
we seek the Green functions g™ (r, 7', z,2), gN'(r, 1,2, 2), g10(r, 7, z,Z) and
gl (r, v, z, 7') of Egs. (4.60a—4.60d) respectively, i.e their solutions for a Dirac peak
generation term 8 (r — r’, z — ') located at position (+’, z’). In other words, we have
to solve the following problem

2 19 (9 1| 1
I 0 / N — _ S - —
|:8zz+r8r (rar) Lfi:|g (72, 2) D, r=r,z=2)
2 19 ( 9 1
[8Z2 i (ra_r) B gl}gN‘ (rnrlzd)=—=7-80—r\z=2)
a
2 193 ( 9 1
[—a 2 o (ra_r)}gTo(r,r/,z,z/)=——D S5(r—r',z—2) (4.64c)
2z th
32 10 (0 27 7 1
—+——(r—=)- "' z2,7) = ——38(0r—r',z— 7). (4.64d
[322 ror (rE)r) th]g ¢.r.z.2) Dy, (r—ri,z—2). ( )

Second, we write the Hankel transforms of Eqs. (4.64a—4.64d) and their boundary
conditions. This yields

(4.64a)

(4.64b)

32 1 ] J ’
[ﬁ - (52 + —2) GNoE, 1, z,7) = 20(51; )3N( -7 (4.65a)
Z Lpl ) b4
2 /
@40 [GM e D) = Jz‘)(gD’") vz—7)  (465b)
=55,
92 | Ti / N J()(EI’/) ’
[g—f _gO(E,r,z,z)——anthST(z—z) (4.65¢)
92 . Jo(er")
a—zz—(éz+oﬁ,) Gl r' 2.7) = — ZODV Sr(z—2),  (4.65d)
=52,&)

where Jo(£r) is the Bessel function of first kind of order zero [29] and GVJ (€, '/, z, ')
and GTi (£, 7', z, z') are the Hankel transforms of respectively g"i (r, 7, z, z') and
¢l 1 z2,2) (j =0,1),1ie
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+o0

ng(E,r/,z,z/)=/ng(r, vz, )Ty (Er)rdr (4.66a)
0
to0

QT-"(é,r’,z,z’)=/ng(r, v, z, 2 Jo(Er)rdr. (4.66b)
0

The reason for moving to the Hankel domain is obvious from the shape of Egs. (4.65a—
4.65d), where we can see that the partial-derivative equations have been turned into
differential equations, i.e. the radial derivatives now appear as the algebraic term
£2. These are direct applications of the properties of Hankel transforms [28]. These
equations are now ordinary second-order differential equations similar to their one-
dimensional counterparts, Egs. (4.55a—4.55d). However, one important difference is
that Egs. (4.65a—4.65d) are all Helmholtz equations, even at zero frequency (presence
of the & in the coefficient before the Green function). Since no Laplace equations
are found here, the three-dimensional ANy and ATy do exist. Physically, this can
be understood from the fact that, in three dimensions, the extra dimensions can be
used as sink term (this is what mathematically represents the &2 term). In particular,
since ANy and ATy can readily be obtained from the solutions of the fundamental
mode by setting a vanishing frequency and the correct laser irradiance, we focus on
the latter modes for the following calculations.
Written in the Hankel domain, the boundary conditions (4.61a—4.61d) read

aGNI (&, r', 7,7
_Dag &, r',z,7)

;=0 =0 (4.67a)
9z
aGNI(&, 1, 2, 7)
—kthTh:O =0. (4.67b)

Extra boundary conditions are also needed at the position z = z’ of the source term,
which are provided by the following properties of the Green Function [17]

GNE T 2 D)y — GV E T 1 D) ey =0 (4.682)
aGNI(E, 1, 2,7) aGNI (&, 1, z,7) Jo(Er')

), % s ret) 4.68b

az |Z—(Z )+ az |Z—(Z ) 27.[ Da ( )

GNE 2, eyt — G 2, D) aey- =0 (4.68¢)
aGT (&, 1", z,7) G (&, 1,2, 7)) Jo(&r")

), L s nt) . (4.68d

0z =t 0z =) 27 Dy ( )

where the () (resp. (z') ™) is a value of z infinitely close to 7" but larger (resp. lower).
The discontinuity of the first derivative of the Green function can be demonstrated
by integration of Eqs. (4.65a—4.65d) (pages 23-24 of Ref. [17]).

The solutions to Egs. (4.65b) and (4.65d) with the conditions (4.67a, 4.67b) and
(4.68a—4.68d) are
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J /
GMEr, 2 7) = % {expl—=Spi(©)lz — Z/[1 + exp[—Sp (§)(z + )1}
aop
(4.692)
T JO(E'J) ’ ’
G r 2 2) = 17 DS ©) {exp[=Sin )|z — 2|1 + exp[—Sim (§)(z + )1} .
12 1

(4.69b)

Third, though algebraically tedious, the Hankel transform N (€, z) of the excess
carrier distribution can now readily be obtained from its Green function (Egs. (4.69a,
4.69b)), following Green’s theorem [27], i.e. one needs to convolute the Green func-
tion with its generation term, i.e.

+00 +00
Nl (%_’ Z) =2 / r/dr/ / dZ/gNl (%_’ V/, zZ, Z/)Gll)ump(r/’ Z/)
0 0
_ 7L = RG ) PoumpRpump EXP(—E*Rpump/4)
4Dahvpump (a %ung)z - 812,[ é)
pump
x {SBZ‘;) exp[—Spi(€)z] — exp(— a%ungz)} , (4.70)
pl

Similarly, we have for the Hankel transform 7; (&, z) of the temperature distribution

’ —+00 —+00
TiE.) = X / Fdr' / a/GT & r 2 7)
Pep 0 0

ANy (r',2")
[(hvpump - Eg)GIfump(V/, )+ ng

g = RO Phump pump (—£2R2 4y
B 4k hvpump exp(—§ pump/
o~ Eo) [ B0
=S, - _
il -85 @n {Sth(é) eXpl=Sin(§)z] = exp(~oprp2)
|
tDal(@pyp)? — S5/(6)]
X 1 a];u;rg) exp[—S;, (€)2] — exp( i BN
_ 21— exp(— .
SZE) = @Rr? [ Sn® Pl P(—prp
_S _ —S ’
Spi(€) 85,(8) — 57,6 {Sm@ expl—Sin (£)2] — exp(—=Spi (§)2)

A4.71)
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From these analytical Hankel transformes, it is then easy to derive the excess carrier
and temperature distributions by inverse Hankel tranform, i.e.

+00

ANi(r,z) = /Nl(é,z)Jo(Er)EdS (4.72a)
0
+00

ATl(r,z)=/Tl(r‘E,z)Jo(Sr)SdE- (4.72b)
0

These integrals being not trivial, the derived analytical solution is mostly con-
venient if one needs the values of the excess carrier and temperature distributions
at a few positions only. Further, owing to the complexity of these expressions, it
is difficult to use them as such for further understanding of the behavior of these
distributions. We therefore characterize the lateral behavior of ANy, ANy, ATy
and AT; as we have for the one-dimensional case, i.e. using Eqs.(4.58a, 4.58b)
and (4.59a, 4.59b).

As can be seen in Fig.4.12, the qualitative behavior of AN| and AT; resem-
bles much the one-dimensional case shown in Fig.4.10. The discussion of the lat-
ter figure is therefore still relevant. Particularly, it can be seen that the transition
between the diffusion-limited and the recombination-limited regimes also occurs
around l/r:lO7 s7! ie. when wt ~ 1. Nevertheless, Fig.4.12 also presents some
new interesting features. First, as already hinted at previously, the orders of magni-
tude are very different in the one-dimensional and three-dimensional cases. Second,
solutions for the constant modes exist in a three-dimensional geometry. It can be
seen that, as expected, the constant modes of both the carrier and temperature distri-
butions show a general behavior very similar to the fundamental modes. However,
three differences can be noticed. First, ANy and AT always have zero phase and
infinite wavelength (i.e. they are real). Second, their amplitude is always somewhat
more than twice that of the fundamental mode. This is due both to the difference
in excitation powers of the two modes (factor 2) and to transient effects. At low
modulation frequency (static mode), the ratio of their amplitude would be exactly
equal to 2. Finally, the decay lengths of the constant modes are longer than those
of the fundamental modes. Finally, note that the appearance of a bump in the ther-
mal decay length Lfihl and A’l” in the 10~/ — 10~'% s range is a consequence of the
recombination heat. Figure4.10b and d indeed show the behavior of 1/%i(o7;) and
27 /(o1 ), which only include the contribution of direct heating.

4.2.2.2 A Numerical Approach

As can be seen from the above section, solving analytically even the linear three-
dimensional problem is far from being trivial. Yet, we have seen in this chapter
that numerous nonlinear effects should be taken into account. Though these effects
could partially be accounted for with limited error by plugging Eqgs. (4.70), (4.71)
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Fig.4.12 Variation with recombination lifetime a in the three-dimensional A Ny (full line) and ATy
(dashed line) at position (r, z) = (0, 0), b in their respective lateral decay lengths, ¢ in the three-
dimensional | AN | (full line) and | ATy | (dashed line) at position (r, z) = (0, 0), d in their respective
lateral decay lengths, e in their respective phases and f in their respective lateral wavelengths as
obtained from the three-dimensional analytical solution (Egs. (4.70), (4.71) and (4.72a, 4.72b)) in
the case of the TP pump laser. The vertical line corresponds to wt = 1

and (4.72a, 4.72b) into a nonlinear Newton loop [30], we still believe that a fully
numerical approach is more appropriate.

Numerous arguments are in favor of a numerical approach. We mention here
only the two most critical. First, the number of involved assumptions can be greatly
reduced. The above analytical solution supposes homogeneous ambipolar diffusivity,
bandgap and recombination lifetime. This proves to work with limited error for
TP [31] but it serves against the versatility of the approach. It would therefore be
interesting to have a resolution technique which can account for the space variations
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in these parameters. Second, the analytical solutions require the numerical calculation
of two integrals for each position (7, z). This is quite convenient for the calculation of
AN (r, z) at one single position but turns out to be too time-consuming if the values
at multiple positions are sought. As a consequence, it is clear that the availability of
a more general, e.g. numerical, technique would be helpful.

To solve carrier and heat transport problems in complex conditions, one gener-
ally resorts to commercially available numerical simulators such as Medici [32] or
Sentaurus Device [33]. However, these transport simulators have been designed for
the resolution of carrier and heat transport in typical conditions of modern nanoelec-
tronics and therefore present unacceptable drawbacks. First, they solve the original
transport Egs. (4.6a—4.6¢) and (4.8a, 4.8b), i.e. not their highly simplified versions
summarized by Eqs. (4.54a—4.54d). This involves unacceptably time-consuming cal-
culations. In particular, only time-dependent calculations are then possible (no sim-
plified steady-periodic equations such as we derived in Sect.4.1.3). Second, direct
heating is not implemented in these commercial software packages. Since this is the
dominant heating phenomenon at long recombination lifetimes, it can hardly ever be
neglected.

Part of our investigations have therefore been dedicated to the development of a
package to solve this problem by the finite-element method [14]. This project, called
a Finite Element Solver for Semiconductors (FSEM) has initially been launched by
F. Dortu during his Ph.D. [13]. In the framework of the present work, several months
have been spent further developing the code (nonlinear steady drift-diffusion equa-
tions, nonlinear steady-periodic ambipolar equation,...) and deepening the under-
standing of the underlying physics. We have also used FSEM intensively.!? The
basic equations and implementation of FSEM being already described in great detail
elsewhere [13], we here only focus on the powerful results FSEM can help obtain.

The three-dimensional linear problem of Egs. (4.60a—4.60d) and (4.61a—4.61d)
has been solved analytically and the solutions are already shown in Fig.4.12. The
comparison of these results with those yielded by FSEM therefore enables one to
estimate the error made in our numerical calculations. It is further of great help
when it comes to determining the optimal simulation settings for accurate but fast
simulations (sample size, refinement of the mesh,...). We define the relative difference
between the analytical and numerical solution as follows

Vanal tical — Vnumerical
SV = Y , (4.73)
Vanalytical

where V is an arbitrary calculated parameter, the value of which is Vapaiytical in the
analytical solution and Vyumerical in the numerical solution. Note that, since both the
numerical and analytical solutions suffer from numerical errors, it is not possible to
determine from which solution the error originates.

101 take the advantage of this Section to stress once again my deep gratitude towards Fabian Dortu,
the initial developer of FSEM. His help and all the energy he put into FSEM have been the key to
a lot of the successful results presented in this thesis.
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We presentin Fig. 4.13 the results obtained in the case of a sample with dimensions
600 wm both in the vertical and radial directions. First, it can be checked that the
numerical and analytical solutions are in excellent quantitative agreement since the
difference in all shown parameters is less than one percent (in most cases). Notice
that the calculation of the various decay lengths and wavelengths (Figs.4.13b, d
and f) involve extra calculations and therefore some error propagation. This is the
reason why the difference between the numerical and analytical values is slightly
higher than for the values at position (r, z) = (0, 0) (Figs.4.13a, c and e). Further,
the relative difference in plasma wavelength is also large at short lifetimes since the
plasma wavelength itself diverges.

Based on this excellent agreement, we believe FSEM is an ideal basis to build
further understanding upon. We therefore use it in the next Section to solve the full
three-dimensional nonlinear problem, i.e. our initial problem.

4.2.3 Three-Dimensional Nonlinear Solution

Moving back to the original nonlinear problem of a modulated pump laser and a
constant probe laser shining!! on a three-dimensional homogeneous silicon sample
is now quite a simple step. We know the expected behavior of ANy, ANy, ATy and
ATy (Egs.(4.58a, 4.58b) and (4.59a, 4.59b)). We have also shown that we have a
reliable tool to solve the problem numerically (FSEM).

The transport equations to be solved here are summarized in Egs. (4.54a—4.54d)
with the boundary conditions of Egs.(4.61a—4.61d), (4.62a—4.62d) and (4.63a—
4.63d). The nonlinearity of the equations is accounted for via external models which
have been introduced and discussed in Sect.4.1.3.

The calculated variations in AN; (j = 0,1) as a function of p-type doping
concentration in the case of coincident probe and pump beams are shown in Fig. 4.14.
Four levels of refinement of the model are presented. First, the black curves represent
the behavior of the carrier distributions when no BGN is assumed. Second, the
blue curves show the impact of the consideration of a BGN-dependent absorption
coefficient. Third, the green curves illustrate the behavior of AN; (j = 0, 1) when
BGN impacts both the absorption coefficient and the ambipolar diffusivity (via the
counter-diffusive BGN effect). Finally, the red curves show the complete solution
accounting also for the coupling due to the nonlinear diffusion rate. It can clearly
be seen that BGN has a major impact on all plotted parameters, especially via its
impact on the absorption coefficient.'?> As expected, the coupling due to the nonlinear
diffusion rate only impacts the value of | AN | at low doping, where it accounts for
about 10 % of its total amplitude. Though the obtained excess carrier distribution

1T The probe laser has not been considered in the previous Sections since only linear systems have
been discussed.

12 Yet, as shown earlier, the model used to account for this effect typically underestimates opTB
(Fig.4.2)
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Fig. 4.13 Relative difference between the analytical and numerical solutions a of the three-
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respective lateral wavelengths in the case of the TP pump laser

is qualitatively very similar to its linear counterpart, it is still obvious that, from a
quantitative viewpoint, it is significantly influenced by all the nonlinear effects.
Independently from the level of refinement, three distinct regimes can be observed.
First, for low doping concentrations, a diffusion-limited regime can be observed. This
is very interesting since it means that TP is only weakly sensitive to recombinations
in a lowly doped Si substrate. It is therefore independent from the doping concentra-
tion in this region. Second, for intermediate doping concentrations (> 1017 cm™3),
the recombinations start to impact the carrier distributions. The unexpected bumpy
behavior, not observed in the linear solutions, can be explained by a fine balance
between the increase in recombinations with doping and the simultaneous decrease
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model are shown. The black lines represent the solutions when BGN is neglected and only the
constant mode of the ambipolar diffusivity is considered (D,; = 0). The blue and green lines are
obtained by adding the impact of BGN respectively upon the apTp of both lasers. The green lines
are obtained by considering the impact of BGN upon D,,. Finally, the red lines show the solutions
to the full equations, where the coupling due to D, is also considered
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in ambipolar diffusivity. Finally, at high doping, a recombination-limited regime is
reached.

Figure4.15 shows the subsequent variations in AT; (j = 0, 1) with doping. It can
be seen that the temperature distributions are much less sensitive to the level of mod-
eling refinement. The blue, green and red curves are superimposed, emphasizing that
only the BGN-induced variations in absorption coefficient impact AT; (j = 0, 1).
Contrary to the excess carriers, the recombinations start to impact the temperature
distribution for a relatively high doping concentration (>5 x 10'8 cm™3).

Before concluding this Section, we would like to discuss the dependence of the
excess carrier distribution upon doping type. As it turns out, the temperature distri-
bution indeed shows no sensitivity to doping type.

The variations in AN; (j = 0, 1) with p-type (full lines) and n-type doping
(interrupted lines) for our highest level of model refinement are shown in Fig.4.16.
Most important of all for the rest of this work, there is no sensitivity to doping type
at low doping concentration (diffusion-limited regime).

When doping increases, however, the constant mode starts to distinguish between
n- and p-type. Interestingly, for medium doping concentration, n-type doped Si shows
a higher injection than p-type, while it is the opposite at high doping concentration.
The difference at high doping concentration (recombination-limited regime) is read-
ily explained by the larger Auger coefficient for n-type than p-type Si (C,, ~ 3C)).
The difference in behavior at moderate doping concentration is, however, more com-
plex. Indeed, in the diffusion-limited regime found at low and moderate doping con-
centrations, it may seem surprising to observe that the excess carrier distributions on
an n-type substrate have simultaneously higher amplitude and longer decay length.
This effect is a direct consequence of the variation in ambipolar diffusivity shown in
Fig.4.5. These variations are indeed very different whether the sample is p- or n-type.
First, the different excess carrier concentrations are easily explained by the different
average ambipolar diffusivity. On average over the sample, the ambipolar diffusivity
is indeed much larger on a p-type silicon sample, hence reducing the injection under
the beam. Second, the different decay lengths are a direct consequence of the very
fast variations in ambipolar diffusivity in the regions of medium injection in p-type
silicon. These effects are therefore direct consequences of the strong nonlinearity of
the ambipolar diffusivity in p-type silicon.

4.3 Summary

In this chapter, based on the thermodynamic model, we have derived simplified equa-
tions to explain quantitatively the behavior of the excess carriers and heat generated
by the pump and probe lasers during a TP experiment on homogeneously doped sil-
icon. We have shown that the resolution of a nonlinear system of four coupled equa-
tions (Egs. (4.54a—4.544)) is sufficient to determine the time- and spatial-variations
in the excess carrier and temperature distributions. These four equations solve for the
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constant and fundamental modes of respectively the excess carrier and temperature
distributions.

We have solved these equations and shown that the excess carriers and temperature
behave typically as dampes waves, i.e. they are fully characterized by their amplitude,
phase, decay length and wavelength (Eqgs. (4.58a, 4.58b) and (4.59a, 4.59b)). Taking
all nonlinear phenomena into account, the variations in these four parameters with the
doping concentration of the silicon sample are shown in Fig. 4.14 for the excess carrier
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distribution and in Fig.4.15 for the temperature distribution. The values obtained at
low doping are of the highest importance for the rest of this work.
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Chapter 5
Extension of the Transport Theory
to Ultra-Shallow Doped Silicon Layers

In this chapter, we assume that a supra-bandgap modulated pump laser and a supra-
bandgap constant probe laser shine on a non-homogeneously doped silicon sample
with respective irradiances ITpump(x, y, ) and [pobe (x, y) such that

2 2
xX“+y
Mpump (X, ¥, 1) = Ppump () €xp (— 2 )
pump

2 2
0 x“+y 1 1
= Ppump €XP (— ) ) |:§ + 5 cos(wt)

pump

— P9 CE AN L o + L exp(oian
= Ppump EXP 72 5 + 7 explio 7 SXp(—iw

pump
(5.1

2 2

x“+y

Mprobe (X, ¥) = Pprobe EXP (——2 ) : (5.2)
probe

where Ppump(?) is the time-dependent pump irradiance at position (x, y) = (0, 0),
?gump (resp. Pgmbe) is the peak value of the pump (resp. probe) irradiance, Rpump
(resp. Rprobe) 18 the pump (resp. probe) radius and w is the modulation frequency of
the pump laser irradiance.

As a result, a free electron distribution N(x, y, z, 1), a free hole distribution
P(x,y,z,t) and a temperature distribution 7 (x, y, z, t) are generated in the sample

such that

N(.X, yv Zv t) - Ndoping(Z) + ANO(-xa y1 Z)
+ [ANi(x, y. 2) expliot) + ANT(x, y, z) exp(—iwt)]

fundamental

J. Bogdanowicz, Photomodulated Optical Reflectance, Springer Theses, 101
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+00
+ 3 [AN @ v D explijon + AN} (x, v, 2) exp(—ijon]
=2
/ Jjth harmonic
(5.3)
P(x,y, z,t) = Pdoping(z) + APy(x,y,2)
+ [AP1 (x,y,2)exp(iot) + AP (x,y,2) exp(—ia)t)]
fundamental
400
+ > [ APt v, D explijon) + AP} (x, v, 2) exp(—ijon) |
j=2
’ Jjth harmonic
5.4
T(-xv Y, 2, t) = TO + AT()(.X, Y, Z)
+ [ATi(x, y, 2) explior) + AT{ (x, y, 2) exp(—iwr)]
fundamental
+00
+ Z [ATj (x,y, D) exp(ijot) + AT} (x,y, 2) exp(—ija)t)],
j=2
! Jjth harmonic
(5.5

where Nyoping (z) and Pyoping (z) are respectively the electron and hole concentrations
due to the doping profile of the sample. Contrary to the previous chapter, these two
carrier concentrations are here assumed to vary with depth. All the other quantities
are as defined in Chap. 4.

This chapter extends the transport theory of carriers and heat discussed in Chap. 4
to the case of actively doped silicon surfaces. Throughout this chapter, we focus on
the case of shallow doped layers on lowly doped silicon substrates, such as depicted
in Fig.5.1. In order to predict the behavior of the free carriers and heat generated
in such a sample, one should in theory solve Eq.(4.6), with the consideration of
the built-in electric field due to the uncompensated ionized dopant atoms in the
space-charge region. The built-in electric field of active (i.e. annealed) doping profiles
indeed modifies strongly the behavior of carriers in the region of the junction and in
shallower regions. This obviously invalidates the ambipolar diffusion equation.

However, rather than solving directly Eq. (4.6), we propose to derive a simplified
solution. Numerous advantages of this simplified solution can be given. First, obvi-
ously, the simplified solution makes the calculations much easier. This will prove
very helpful, particularly for the inverse problem presented in Chap.7. Second, this
simplified solution also offers more understanding than a fully numerical solution.
Third, the computation of a numerical solution to the considered problem would be
very time consuming (time-dependent coupled nonlinear equations). Last but not
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least, it also has to be pointed out that the numerical implementation of such a prob-
lem is very complex, as confirmed in the course of our investigations. Indeed, in
spite of our attempts both on the full time-dependent and steady-periodic (Fourier
domain) routes, we have not been able to force the system to converge. First, the time-
dependent problem, where the time derivatives of Eq.(4.6) are discretized and the
resolution is stepped over time, has proven to converge only for prohibitively small
time steps, of the order of the dielectric relaxation time of silicon (1 ps), in agreement
with [1]. The introduction of an artificial time-dependent term in Poisson’s equation
(4.6a), as suggested in Ref. [1], has been unfruitful. Second, in the steady-periodic
system, where a separate equation is solved for each Fourier coefficient of the excess
electron, hole and electrostatic potential, a problem also originates from the Poisson
equation. The constant doping term (N;,r — N, ) acts as a stabilizer for the steady
equation. Such stability is, however, not present for the other Fourier coefficients,
leading to a fast diverging system.

We here propose a third, simpler, approach. We show, in Sect. 5.1, that two assump-
tions suffice to strongly simplify the solutions to the carrier and heat transport
problem on a sample with an ultra-shallow active doping profile (junction depth
X; < 100 nm), such as needed in modern CMOS transistors. In Sect. 5.2, we discuss
quantitatively the validity of these assumptions on doping profiles with a box-like
shape. The discussion is based on the comparison of the solutions obtained with
steady drift-diffusion simulations (run with FSEM). In Sect. 5.3, we then derive the
steady-periodic solutions under the same assumptions.

5.1 Simplified Transport Theory

As highlighted in the Introduction, we are seeking a simplified solution for the trans-
port of carriers and heat in a sample presenting a doping profile such as shown in
Fig.5.1. For this purpose, we make two essential assumptions. First, we suppose that
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the electron and hole quasi-Fermi levels are flat through the space-charge region.
Second, the carrier and temperature distributions in the bulk of the sample (substrate
region of Fig.5.1) are assumed independent from the doping profile. In this Section,
we investigate qualitatively the validity of these assumptions and show how they
simplify the problem.

First, we would like to study the flat quasi-Fermi levels approximation (FQL) and
its implications.

Quasi-Fermi levels typically remain flat in highly conductive regions, whether the
free carriers come from doping or optical injection. In order for the currents to flow
[|Ji| = |oiVE }| (Ref. [2]) where i=n or p], there is then indeed no need to strongly
bend the quasi-Fermi levels. In other words, a semiconducting region with a high
concentration of both electrons and holes usually shows flat quasi-Fermi levels.

The FQL approximation helps greatly when it comes to determining the excess
carrier concentration in the doped layer. Indeed, the electrostatics, i.e. Poisson’s
equation (4.6a) or the p-n product [3], offers a direct link between the substrate and
layer injection. We here use the p-n product which offers a simple solution. The p-n
product reads, at each depth z of the sample, !

E E(z) — ER(2)
P(@)N(@) = yp(@yn (z)nl-2 exp (—#(;)) exp(%), (5.6)

where y, and y, are the Fermi-Dirac factors respectively for holes and electrons
defined in Egs. (4.45a) and (4.45b). Using formula (5.6) both in the doped layer and in
the substrate results in a simple expression for the excess carrier concentration in the
layer. For this purpose, we assume here a p-type layer” with doping Pdoping (2). First,
in the doped layer, the majority hole concentration is P(z) = Paoping(z) + AN} (z2)
and the minority electron concentration is N(z) & AN;(z). Second, in the highly
injected substrate, independently from the doping type, N(z) =~ P(z) = ANgup.
The depth-dependent excess carrier concentration can be obtained using the ratio of
formula (5.6) taken respectively in the layer and in the substrate, i.e.

[Pdoping + ANZ(Z)] AN(z) _ )/[l,(Z))/,i(Z) wl — Eé(z) B Egub (5.7)
Astub )/,i”by,f“b ka ’

where y! (resp. yll,) and y;“ (resp. yg”b ) are the electron (resp. hole) Fermi factor
as defined above respectively in the layer and in the substrate, E{g and Eg,“b are
respectively the bandgap energies in the layer and in the substrate. The only physically
acceptable solution AN;(z) of Eq.(5.7) is

! The dependence upon time is kept implicit so as to simplify the expressions.

2 The case of an n-type layer can easily be derived by replacing Pyoping by Ndoping in the final
expressions
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ANi(z) =0.5 [—Pdoping(z)

1 1 1 sub
V5 (2)¥,(2) E,(z) - E
+ szoping(z) 442 ey -8

T )ANfub . (5.8)

From formula (5.8), one can show that A N;(z) decreases with increasing Pyoping (7) in
most cases. This explains the monotonically increasing excess carrier profile shown
in Fig.5.1.

Three implicit approximations have been made in the derivation of formula (5.8).
First, the Debye length has been assumed much smaller than the characteristic lengths
of the profile (junction depth and decay length). The used p-n product indeed sup-
poses a vanishing Debye length, which is valid given the considered high doping
concentrations and high injection. Second, the excess electron and hole concentra-
tions have been assumed equal everywhere, in spite of the strong electric field at the
junction. This is also related to the very short Debye length. The electric field is only
present in a nanometer-wide region around the junction. In that region, the electrons
and holes are in slightly different concentrations but this difference is invisible to
long wavelengths such as that of the TP probe laser. Finally, we have also assumed
that the substrate excess carrier concentration is flat (see Fig. 5.1) at the scale of X ;.
This is related to the penetration depth of the pump and the plasma wave diffusion
length being much longer than X ; (um vs. nm).

In summary, the FQL approximation allows for a very attractive simplified deriva-
tion of the excess carrier concentration in the doped layer. As shown in formula (5.8),
however, the substrate injection needs to be known.

J/Igub yﬁmb

The purpose of our second assumption, i.e. the independence of the substrate
excess carrier concentration and temperature from the doped layer, is to give an easy
access to the substrate injection. These two distributions are indeed assumed to be
simply the solutions of the coupled ambipolar carrier diffusion and heat diffusion
problem which has been solved in the previous chapter (e.g. Figs.4.14, 4.15).

Actually, the presence of an actively doped layer at the surface of a silicon sample
can modify the excess carrier and temperature in the bulk of the sample (i.e. below
the doped layer) through three different phenomena. First, as a consequence of the
presence of a doped layer, the generation rates of Eq. (4.52) increase both due to the
slight reduction in the sample reflectance and to the rise in absorption coefficient
(consequence of the combined Drude and BGN-induced electroabsorption effects
as discussed in Sect.3.2). However, as can be seen e.g. in Fig. 6.4a, the reflectance
variations are very small (<1 %). The impact on the carrier and heat generation rates is
therefore neglected. Similarly, the thicknesses of the considered ultra-shallow doped
layer (<50-60nm) being much smaller than the penetration depth of the probe and
pump lasers (>5-15 wm), the increased absorption coefficient has hardly any impact
on the final excess carrier and temperature distributions. Most of the absorption
phenomenon indeed occurs in the bulk of the sample. Second, the presence of a
doped layer at the surface, i.e. a zone of short recombination lifetime, acts as an
enhanced surface recombination velocity. This effect tends to reduce the excess
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carrier concentration and increase the temperature. As we will see in Sect. 5.2.2, this
effect is, however, never observed. This is also due to the deep penetration of the
lasers compared to the thickness of the considered doped layers. Finally, the presence
of a doped layer changes the electrostatic behavior of the substrate region close to
the junction, leading to a possible small depletion of the sub-junction region. This
last effect is dominant and actually the only one to ever be observed. We will show
in Sect. 5.2.2 that the impact of this effect is limited on the carrier distributions and
negligible on the temperature distribution.

Based on these two assumptions, the transport of optically generated free carriers
and heat in USJs can be understood in the following way. First, concerning the
heat, it is generated in the lowly doped substrate, where it diffuses according to
Eqgs. (4.54c¢) and (4.54d). Further, given that doping has a negligible impact on the
thermal properties of Si at room temperature [4], the final excess temperature is
layer-independent. Second, similarly, the excess carriers are generated in the substrate
where they diffuse ambipolarly and recombine according to Eqs. (4.54a) and (4.54b).
The final excess carrier distribution in the substrate is therefore layer-independent.
The excess carrier concentration in the layer can be estimated by solving the one-
dimensional in-depth Poisson’s equation or, more simply, the p-n product assuming
flat quasi-Fermi levels. In other words, the charging of the layer with excess carriers
is taken care of solely by the electrostatics.

5.2 Validity of the Assumptions

Being convinced of the usefulness of our two simplifying assumptions, we would
like to check quantitatively their validity. In order to do so, we propose to compare
the simplified solutions with full drift-diffusion simulations, run with FSEM. More
particularly, we base our discussion on 15-nm deep box-like profiles with varying
doping concentrations. In Sect.5.2.1, we look at the layer injection as a function
of doping concentration in the layer and compare it with Eq.(5.8). We look at the
impact of the presence of the doped layer on the substrate injection in Sect.5.2.2.
Note that, as already mentioned in the Introduction of the present chapter, FSEM
can only solve steady drift-diffusion equations (no waves). We therefore only con-
sider this case. However, for the sake of consistency with the rest of this thesis,
we would still like to separate the study into constant and fundamental modes of
the excess carrier and temperature distributions. We use the superscript P€ to stress
that the distributions have been obtained using steady calculations. In other words,
AN(I))C and ATODC have to be understood respectively as the excess carrier and tem-
perature distributions obtained when the TP probe laser and the TP pump laser shine

on the sample with respective constant irradiances ’Pgmbe and ’Pgump /2 . Similarly,

AN lDC and ATIDC are the half-amplitudes of differential carrier concentration and

temperature generated if the pump has an extra Pg mp/2 constant irradiance.

!
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Further, in order to clearly identify the different behavior of the carriers in the
doped layer and in the substrate, we use the respective subscripts ; and g, to refer
to each region. This notation is actually of relevance in the rest of the thesis.

5.2.1 Flat Quasi-Fermi Level Approximation

In the case of a box-like profile, the excess carrier concentration AN; in the doped
layer is independent from depth and, following Eq. (5.8), it is linked to the excess
carrier concentration A Ny, via

sub ka sub

v e
AN; = 0.5 | —Paoping + pgopmg+4y_ e P~ AN?
P n

(5.9)

This equation is valid at all lateral positions and can therefore also be used to deter-
mine the decay length.

The comparison of the excess carrier concentrations and decay lengths obtained
respectively with FSEM simulations and the FQL approximation is shown in Fig. 5.2.
The substrate injection A Ny,p, needed in Eq.(5.9), has been obtained from the res-
olution of the steady ambipolar diffusion equation on a lowly doped substrate. The
results are independent from the doping type of the substrate (not shown). It is clear
from this figure that FQL is a very good approximation up to quite high doping
concentrations (>2 x 1020 cm™3). The values of the carrier concentrations and their
decay lengths given by the FQL approximation indeed only depart from the numeri-
cal solution for doping concentrations higher than 2 — 3 x 10?° cm~3. Note that the
excess carrier concentration in the layer then being approximately 10'> cm™3, it is
negligible. We therefore use FQL on the whole doping range, without any loss of
accuracy in the model.

Two observations in Fig. 5.2a and c should be discussed. First, the different injec-
tion according to the doping type of the layer should be explained. It can be observed
that, especially at high doping concentration, an n-type layer is more injected than a
p-type layer with the same doping concentration. This difference is due to the com-
bined effect of BGN and Fermi-Dirac statistics. Second, the discrepancy between
the numerical solution and FQL at ultra-high layer doping concentrations should be
looked at in more detail. As mentioned in the Introduction of this chapter, FQL is
only valid in highly conductive regions. At high doping concentration, though the
majority carrier conductivity is high, the minority carrier conductivity is low, lead-
ing to the possible bending of the quasi-Fermi level of the minority carriers. Note
that, since an n-type doped layer is always more injected, FQL remains valid up to
somewhat higher doping concentrations in such layers. It can be checked in Fig.5.2
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Fig. 5.2 Variation with n- and p-type layer doping a in AN, I](D)C at position (r, z) = (0,0), b in
its lateral decay length, ¢ in ANBC at position (r,z) = (0,0), d in its lateral decay length, as
obtained by full three-dimensional steady drift-diffusion calculations (full and thick interrupted
lines) and assuming flat quasi-Fermi levels (thin interrupted lines). Time-independence is assumed,
as mentioned by the DC superscripts. The flat Fermi level approximation is in very good agreement
with full calculations up to very high layer doping concentrations

that FQL becomes invalid at the same excess carrier concentration for p- and n-type
layers (=105 cm™3).

Similarly, the decay lengths also show an interesting trend in Fig.5.2b and d.
As long as FQL is valid, the decay length follows a monotonic and slow decrease.
This can be understood as a result of the lateral electric field felt by the excess
carriers in the layer. It can indeed be shown that, independently from the doping
type of the layer, the electric field always tends to push back the excess carriers
towards the illuminated region, i.e. it goes against diffusion. Further, at the high
doping concentrations invalidating FQL, the decay lengths drop very fast. This can
be explained by the fact that electrostatics loses its influence on the layer injection.
The excess carrier concentration in the layer therefore enters a recombination-limited
regime (ultra-high doping), where the decay lengths are given by the pump radius.
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Fig. 5.3 Variation with n- (interrupted lines) and p-type (full lines) layer doping a in ANA%O and
ATODC (dotted line) at position (r, z) = (0, 50) nm, b in their lateral decay lengths, ¢ in ANE%]
and ATIDC (dotted line) at position (r, z) = (0, 50) nm, d in their lateral decay lengths, as obtained
by full three-dimensional steady drift-diffusion calculations. Time-independence is assumed, as
mentioned by the DC superscripts. The excess temperature does not depend upon the doped layer.
The substrate injection is independent from the doped layer up to moderate doping concentrations

5.2.2 Impact of Doped Layers on Substrate Injection

In order to check quantitatively the variations in the excess carrier concentration and
temperature in the substrate when a 15-nm thick doped layer is present at the surface,
we propose to look at their behavior at a 50nm depth from the surface, i.e. 35nm
deeper than the metallurgical junction. Figure 5.3 shows the variations with layer
doping concentration in the excess carrier concentrations ANs]i%o and ANSB%I but
also in the excess temperature A T(PC and ATIDC, as obtained from three-dimensional
steady drift-diffusion FSEM calculations.

It can be observed that, as expected, the doped layer has no impact whatsoever
on the excess temperature. The excess carrier distribution, however, does vary in the
high doping range. This effect is negligible on the fundamental mode AN 3%] but not
on the constant mode ANBEO, especially in the case of highly doped p-type layers

(up to 20 % at a layer doping concentration of 2 x 102° cm™3). Note, however, that,
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as can be observed by the lower impact on ANBfél than ANQE o- this effect depends
to a great extent on the injection. Higher laser powers would advantageously reduce
this effect significantly. Unfortunately, this effect cannot be accounted for by our
model in its current status. We will come back to the impact of this approximation
in Sect. 6.3.

The origin of this effect, as already hinted at, cannot be recombinations. Auger
recombinations, i.e. the dominant recombination effect in highly doped layers, are
indeed more numerous in n-type silicon than in p-type silicon [5] (C,, = 3C)).
Besides, as confirmed by Fig. 5.2, n-type layers are more injected than p-type layers,
which should further increase the recombinations in n-type layers. The slight deple-
tion of the substrate actually originates from the lateral junction photopotential due
to the non-uniform illumination of the built-in electric field. This photopotential per-
turbs the behavior of the carriers in the substrate. The associated lateral electric field
points into the outward radial direction for a p-type layer and inward radial direction
for an n-type layer. The Dember field in the substrate, however, always points into
the outward radial direction. The Dember field can therefore slightly counteract the
lateral junction photopotential for an n-type but not a p-type layer.>

For the sake of completeness, let us add that the values shown in Fig.5.3 are
independent from the doping type of the substrate (not shown).

5.3 Steady-Periodic Model Equations

So far the discussion has been limited to steady calculations due to the limitations of
FSEM, our numerical solver. However, the simplified theory can easily be extended
to the steady-periodic calculations needed in this work. In this Section, we assume
that the substrate injection is, independently from the layer doping, as calculated
in Chap.4 for a substrate doped homogeneously with a 103 cm™3 concentration.
Based on this substrate injection, we investigate how the constant mode ANy and
fundamental mode A Ny of the excess carrier distribution* in a box-like doped layer
vary as a function of the active doping concentration, if we assume flat quasi-Fermi
levels through the space-charge region.

More specifically, we consider a substrate injection ANg,, = ANgpo + 2
NR[ANg,p1 exp(iwt)] where ANg,p 0 and ANg,p1 behave as found in the low dop-
ing region of Fig.4.14 (complete model, i.e. red curves). As a consequence of the
independence from substrate doping concentration of the latter two quantities in

3 Canceling the Dember field by setting equal electron and hole mobilities results in equally lowered
substrate injection for n- and p-type layers.

4 Note that, as we have in Chap.4, we should also investigate the generation of further harmon-
ics. However, only the constant and fundamental modes of the layer excess carrier concentration
contribute to the measured signals (see Chap. 6). The other harmonics are therefore neglected. The
reason for the in-depth discussion of the harmonic generation in Chap.4 is that the existence of
further harmonics in the substrate carrier distribution would have modified the layer excess carrier
concentration via Eq. (5.9)
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the doping range below 5 x 10'7 cm™3, the obtained AN;o and AN;; are equally
independent from doping in that range. The results are obviously also independent
from the doping type of the substrate (Fig.4.16). We then make use of Eq.(5.9) to
determine the layer injection.

The time-dependence of the considered substrate injection does actually not make
the situation more complex than the steady case studied thus far. Indeed, all the quan-
tities present in Eq. (5.9) can accommodate the (slow) variations in substrate injection
without any lag. They take at most 1 picosecond to follow the variations (dielectric
relaxation and relaxation time of the Fermi-Dirac quasi-equilibrium distributions)
[6]. In conclusion, it can be expected that the variations in excess carrier concen-
tration in the layer are simultaneous with the excess carrier concentration in the
substrate. This further assumes that the layer thickness is small compared to the

plasma wavelength A l, which is obviously the case in this work (nm vs. hundreds
of wm, see Fig.4.14).

Figure 5.4 shows the calculated variations in A Njg and A Njj as a function of p- and
n-type doping concentrations in the layer. The behavior of the steady distributions
of Fig.5.2 is clearly recognized and their discussion therefore still applies here.
Further, the phase and wavelength shown respectively in Fig.5.4e and f prove to
be independent from the layer doping concentration and type. They are actually
the same as in the substrate, as supposed above. In other words, the fundamental
mode of the excess carrier distribution behaves as a single wave, just as it does in a
homogeneously doped substrate. The only peculiarity of the wave when a doped layer
is present is that its amplitude and lateral decay length strongly and abruptly decrease
in the highly doped regions. The subscript ; and 4, for the phase and wavelength of
the plasma wave are therefore dropped in the rest of this thesis, since a single value
suffices.

The results shown in Fig.5.4 combined with the results of Figs.4.14 and 4.15
summarize with great simplicity our model of the carrier and heat transport in non-
homogeneously doped silicon.

Before concluding, we believe it is important to derive the following approximate
expression for A Nj; at high p-type’ doping concentrations (>10'? cm™3), asssuming
Boltzmann statistics and a time-independent bandgap. Under these approximations,
based on Eq.(5.9), it can be shown that

AN~

2AN,up0 AN, E, — B
sub0ANsubl exp(_ g 8 ) (5.10)

P doping kpT

This expression is of critical importance for the general understanding of the behavior
of ANjp. It shows in very simple mathematical terms e.g. that the fundamental
mode of the excess carrier distribution in the layer drops with the active doping
concentration in this layer. We will come back to this observation in Sect.6.2 of
the next chapter. Furthermore, it also demonstrates the dependence of AN;; upon

5 This equation is easily extended to n-type doped layers by replacing Pdoping by Ndoping
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region of Fig.4.14

A Ngyupo- In other words, though time-independent, A Ng,p0 is also involved in the
fundamental mode of the excess carrier distribution via AN;;. This comment will
have its importance for the understanding of the modeling error discussed in Sect. 6.3

of the next chapter.
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5.4 Summary

In this chapter, we have extended the transport theory developed in the previous
chapter to samples presenting a shallow doped layer at their surface.

First, we have shown that the temperature distribution is independent from the
doped layer. Second, we have shown that the fundamental mode of the excess carrier
distribution below the doped layer (substrate region) is also independent from the
layer. The constant mode, however, has shown non-negligible variations at high layer
doping concentrations. The impact of this approximation is looked at in Sect.6.3.
Furthermore, we have demonstrated that, if the quasi-Fermi levels of the electrons
and holes remain flat in the structure, the excess carrier distribution in the doped layer
is readily derived from the excess carrier distribution in the substrate via Eq.(5.8).
Most importantly, Fig.5.4 shows the behavior of AN;9 and ANj; as a function of
the n-type and p-type doping concentrations in the layer assuming low doping in the
substrate and the excess carrier concentration derived in Chap. 4 (Fig.4.14).
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Chapter 6
Assessment of the Model

In the previous chapters, we have developed a model to explain quantitatively how the
reflectance of a silicon sample can be modified by doping and/or laser-injected car-
riers and heat. Going backwards from Chaps. 5 to 2, we have sequentially calculated
the excess carrier and temperature distributions generated by the TP pump and probe
lasers in Chaps.4 and 5 respectively for homogeneously and non-homogeneously
doped silicon. The perturbation of the refractive index induced by these distributions
as well as doping have been derived in Chap. 3. Finally, we have calculated the rela-
tionship between the perturbation of the refractive index profile and the perturbation
of the sample reflectance in Chap. 2. Though this theoretical investigation has offered
much insight, the quality of this model still needs to be assessed. In this chapter, we
therefore evaluate the accuracy of the model developed in the previous chapters on
two types of samples. In Sect. 6.1, we sum up and test the model for homogeneously
doped silicon samples as a function of doping concentration. In Sect. 6.2, we then
study the case of shallow doped layers. For the sake of simplicity, we only investigate
profiles with a simple and perfectly defined shape, i.e. box-like doping profiles, as
can be obtained from Chemical Vapor Deposition' (CVD). For these samples, we
also summarize the model and check its validity as a function of the thickness and
doping of the layer. Note that only lowly doped substrates are considered (i.e. no
well, no halo). Finally, in Sect.6.3, we identify the errors made by our model and
their most likely sources.

In this work, we measure the so-called DC reflectance R4. and the so-called
modulated—or AC—reflectance A R,.. More particularly, we measure their offset
curves, i.e. we measure these two signals as a function of the spacing between the
probe and the pump beams, denoted r in the present chapter. The DC reflectance is
the total time-independent reflectance, i.e.

Rac(r) = Ro + ARy(r), (6.1)

! T would like to thank Duy Nguyen and Laurent Souriau for the layers they have fabricated for this
study.
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where ARy includes all time-independent contributions to the reflectance perturba-
tion, i.e. doping, steady excess carrier and steady temperature effects. As for ARy,
it is the normalized fundamental mode of the reflectance perturbation,2 i.e.

ARy (r) =Toexp(—ify) AR (r), (6.2)

where A R; includes the time-dependent contributions to the reflectance perturbation,
i.e. the fundamental mode of the excess carrier and temperature distributions. Iy and
6 are respectively the normalization coefficient and phase of the fundamental mode
of the reflectance perturbation. These two factors originate from the lock-in amplifier
and are unfortunately unknown.

As we will show, the understanding of the behavior of Ry is quite straightforward.
On the contrary, AR, offset curves are complex (i) to measure with a sufficient
repeatability, (ii) to understand and (iii) to model. The three remarks below are
therefore of critical importance for the understanding of this chapter.

(i) As studied in Refs [1, 2], AR, varies with illumination time when measured
on crystalline Si. As a consequence, the measurement of AR, suffers from a
very poor repeatability if no attention is paid to this issue. A procedure ensur-
ing the high measurement repeatability of A R, has therefore been developed
and systematically used in the framework of our investigations. As detailed
in Appendix A.1, in this procedure, each offset curve is composed of 25 data
points, each obtained after shining the pump and probe beams for 25s on the
sample. Each offset curve is measured initially with aligned beams (0 sepa-
ration) and by separating the beams of 0.167 wm every 25s. This allows us
to compromise between measurement repeatability [oag,. = 7 X 10~% (a.u.),
Appendix A.2] and measurement time (2210 min/curve?). Further, all our CVD
boxlike profiles have been grown on device-quality wafers. This ensures a suf-
ficient wafer-to-wafer repeatability of the signals. This complete procedure is
of critical importance since the good agreement which our theory will show
with experimental AR, in this chapter would not be possible without it.

(i) Ascanalready be expected from Eq. (6.2), A R, is the superposition of multiple
damped waves and therefore has a complex behavior. To facilitate the compar-
ison between experimental and theoretical data, it is convenient to also write it
as a damped wave, i.e.

ARy (r) = |ARyc(r)| exp [—igac(r)]
= |ARyc(r = 0)| exp [—iac(r = 0)]exp(—r/LY) exp(—=2imr/Aqc),
6.3)

2 Note that, contrary to Eq. (2.2), ARy is here defined in its complex number notation. We are aware
of this slight inconsistency. It is, however, more convenient to write A Rj and, consequently, A R,
in complex notation so that the link between the behavior of the signal and its components is more
readily observed.

3 T want to thank Derrick Shaughnessy again for writing a measurement routine for the TP tool
thanks to which an uncountable number of hours have been saved.
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(iii)

where |[A R, (r = 0)| and ¢ac(r = 0) are respectively the measured amplitude
and phase of the AC reflectance under the pump beam, while L% and A, are
respectively the signal decay length and wavelength. By definition, L% is the
lateral distance needed for the amplitude |A R, | to drop by a factor exp(1), i.e.
it is linked to the slope of the offset curve of the signal amplitude. We calculate
it from the following equation

_|ARac|

Lac =
d 9] ARqc| r=0
ar

, (6.4)

which can be deduced from Eq. (6.3). As for the signal wavelength A, it is
the lateral distance needed for the phase ¢g to turn 360°, i.e. it is linked to the
slope of the offset curve of the signal phase. We calculate it by extrapolation of
the offset curves, i.e.

360
fac = Pac(r =4 pm) — o (r =0) X 4(pm). (6.5)

The term ‘lengths’ used for L% and A,c is somewhat abusive since negative
values of both the signal decay length and the signal wavelength are allowed.
This a priori unphysical possibility is just a consequence of their mathematical
definitions. Obviously, the respective decay lengths and wavelengths of each
damped wave contributing to the signal are all positive, i.e. their respective
amplitudes decrease and their respective phases increase. A backward diffu-
sion wave going against the diffusion force is indeed not physical [3]. But
the AC reflectance is a combination of these damped waves. Subsequently, its
amplitude |A R, | can, in some specific occasions, rise with laser beam separa-
tion,* i.e. the signal decay length can be negative [4]. Similarly, the phase ¢,
can sometimes decrease with laser beam separation, i.e. the signal wavelength
can be negative. We show below that, albeit unexpected, these situations are
observed experimentally and can be explained with the introduced model.
Note finally that, rigorously, A R, is the sum of multiple damped waves. Equa-
tion (6.3) is therefore only an approximation. This approximation quantitatively
represents the measured behavior of A R, offset curves in most cases. As we
will see, however, it fails to do so in some complex cases (moderately doped
CVD layers). In spite of this limitation, these equations help significantly to
understand the complex behavior of AR, offset curves, which justifies their
use in this work.

As adirect consequence of the separated pump and probe beams during the mea-
surement of an offset curve, their positions of maximum irradiance no longer
coincide, which slightly modifies the distributions of the generated excess car-

4 Note that this can obviously only be true for a limited region of the offset curve, i.e. the amplitude
does not diverge. What is observed in these cases is that the rise in amplitude is only sustained in
the first few micrometers and is followed by the expected decaying amplitude.
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riers and excess temperature. We, however, neglect these variations. In other
words, our calculations consider that the probe and pump lasers always shine on
the same spot, generating the carriers and temperature exactly as discussed in
Chaps. 4 and 5. A third, fictitious, laser of wavelength Aobe is assumed to mea-
sure the offset curve without generating any excess carrier or heat. Considering
the separation between the probe and pump lasers in the numerical calculation
of the excess carriers and heat would break the central symmetry of the problem
and therefore require a full three-dimensional treatment. Unfortunately, FSEM
does not have that capability. This approximation is very good, owing to the
constancy and relatively low magnitude of the probe laser irradiance. Note also
that the radius of this fictitious laser is assumed sufficiently small to measure
the local (and not integrated) variations in reflectance (see Sect.2.5.2). It can be
checked that considering the finite dimension of the probe radius would yield
slightly better results (mostly for L% and A,c) but would not change the final
conclusions of this chapter.

6.1 Homogeneous Doping

Before looking at experimental data measured on homogeneously doped silicon
substrates, let us summarize the model for such samples. Two perturbation effects
are to be taken into account. First, when the homogeneous doping concentration is
increased, the refractive index is reduced, as studied in Chap. 3. In turn, Chap. 2 has
shown that this reduces the sample reflectance. Second, when the pump and probe
lasers shine on the homogeneously doped sample, excess carrier and excess temper-
ature distributions such as those derived in Chap. 4 are generated (see, in particular,
Figs.4.14 and 4.15). These distributions also perturb the refractive index of the sam-
ple, thus modifying the sample reflectance. Since the excess carrier and temperature
distributions have characteristic lengths longer than the probe wavelength, the per-
turbation of the reflectance is only due to the surface perturbation of the refractive
index. In other words, using Eqs. (2.11) and (3.16), R4c can be written

Ryc(r) = Ro [1 + 24 |:_,B (ipdoping + (L + L) ANO(”)) + ‘SATO(”):” >
ny— mp Mme  mp

(6.6)
for ahomogeneous p-type doping concentration Poping. The laser-induced variations
in DC reflectance due to the time-independent excess carrier and temperature dis-
tributions are never observed (see e.g. Fig. 6.1a), due to the low magnitudes of the
steady excess carriers and temperature [(1/m,+ 1/mp)BANy < 1 and §ATy < 1].
We can therefore use the following simplified expressions

4p

Rie=Ro |1 - ———
‘ [ my(nd — 1)

Pdoping:| for p-type doping (6.7a)
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4p

Rie=Ro|1—- ————
dc 0|: me(n(z)_l)

Ndoping:| for n-type doping. (6.7b)

Similarly, using the same Eqgs. (2.11) and (3.16), the AC reflectance can be written

4R 1 1
ARyc(r) = 270[‘0 exp(—ith) |:*/3 (7 + 7) AN (r) +8AT (V):|
n 1 me  mp

0
4R

= g exp(—ifp)
n% 1 0 exXp 0
1 1
x [—ﬁ (7 + —) |AN(r = 0)| exp(—ig? (r = 0)) exp(—r/L7)) exp(—2imr/ AP
me my,
plasma component
+8|AT (r = 0)] exp(—i!" (r = 0)) exp(—r/LL}) exp(—~2imr/ A" } (6.8)

thermal component

Note that, though |AN|| and | ATi| have the same order of magnitude as A Ny, their
modulation allows for the use of a lock-in amplifier. As a result, contrary to ANy,
their impact on the sample reflectance can be measured with a high reproducibility.

Equations (6.7) and (6.8) together with the excess carrier and temperature distri-
butions respectively shown in Figs.4.14 and 4.15 (complete model, i.e. red curves)
constitute our model for homogeneously doped silicon. In summary, the variations in
Ry are only due to doping. As for A Ry, it consists of two components respectively
related to the fundamental modes of the surface excess carriers and temperature gen-
erated in the silicon substrate. We call these two components respectively the plasma
and thermal components. Both components vary with doping as studied in Chap.4.
Very importantly for the understanding of the behavior of the total signal, these two
components have opposite signs and different phases, i.e. they show a total phase
difference close to 180° but not precisely equal to 180°.

6.1.1 Comparison of the Model with Experimental Data

Let us start by presenting the experimental offset curves and discuss qualitatively
their behavior when the doping concentration varies in Sect. 6.1.1.1 below. The model
is then compared quantitatively to the measurements in Sect. 6.1.1.2.

6.1.1.1 Qualitative Comparison

Figures 6.1a—c show experimental offset curves of respectively Rgc, | A Rac| and ¢qc
for five different p-type doping concentrations.

Starting with Fig.6.1a, it is striking that Ry, does not vary with beam sep-
aration. This shows that ANy and ATy do not impact Ryc significantly, which
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Fig. 6.1 Experimental offset curves, i.e. variation with laser beam separation, of a the DC
reflectance Rgc, b the amplitude and ¢ phase of the AC reflectance AR, for five homogeneously
p-doped substrates with doping concentrations ranging from 10" to 3 x 10'°cm™3. The arrows
show the trend observed when increasing doping
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justifies our simplified model Eqgs.(6.7a) and (6.7b). Further, the experimentally
observed behavior of Ry for increasing doping concentration follows the monotonic
decrease expected by Eq. (6.7a). We, however, note one outlier (see higher Ry for
Pioping = 4.62 x 1018 cm’3). The existence of this outlier is not a problem in itself
but it underlines how careful one should be when trying to understand or use a sig-
nal like Rgc. This signal indeed shows very small variations (<1 %) when doping
changes and, as a consequence, it can be strongly impacted by any other effect.
Unfortunately, all our homogeneously doped samples are old and have not been
monitored over the years.” The reasons for the unexpectedly high Ry on this par-
ticular outlier are therefore not clear. We have actually noted quite a few outliers in
our database of homogeneously doped substrates. The study of the DC reflectance
on homogeneously doped substrates therefore stops here.

The offset curves of |AR,c| shown in Fig. 6.1b show the clear fingerprint of the
plasma component of Eq. (6.8). Indeed, the non-monotonic behavior of |[AR,.(r =
0)| for coincident beams when doping increases is in excellent agreement with the
behavior of |AN|| in Fig.4.14c. Interestingly, these experimental data provide evi-
dence for the theoretically predicted bump of Fig.4.14c in the 10'® — 10! cm™3
doping range. Similarly, the experimental signal decay length is observed to decrease
monotonically with doping, in good agreement with the behavior of L gi in Fig.4.14d.

The discussion of Fig. 6.1c is slightly more complex since the impact of the ther-
mal component of Eq. (6.8) is here more apparent. The phase measured for coincident
beams ¢, (r = 0) decreases monotonically, such as expected from Fig.4.14e. How-
ever, the measured phase variation is much larger than that calculated for the plasma
component alone (>30° vs. 7°). Actually, what is observed is the progressive transi-
tion from a plasma-dominated behavior at low doping concentration to a thermally
dominated behavior at high doping concentration. Similarly, the signal wavelength
increases with doping for low and medium doping (<4.62 x 10'8 cm™3) as expected
from a purely plasma signal (Fig. 4.14f). However, at high doping it reaches negative
values, which could not be explained without the consideration of the thermal com-
ponent. The wavelength would then indeed always be positive. The negative signal
wavelength at high doping is actually a consequence of the faster lateral decay in the
plasma component than in thermal component. The plasma component manages to
hold a positive phase under the pump beam but not away from it, which results in a
negative signal wavelength.

Note that no outlier remains in the experimental data of AR,.. In other words,
whatever caused the unexpected behavior of Rgc for the sample at Pyoping = 4.62 x
10'8 cm™3 does not seem to impact A R,c. This is confirmed by the quantitative study
below.

5 Attempts have been made to obtain better characterized fresh homogeneously doped substrates.
However, NIST spreading resistance calibration standards [5] are no longer available and manufac-
turers seem to only sell batches of wafers and no single wafers. The samples of critical importance
in this study (ultra-shallow junctions), however, have been fabricated during the study itself and
properly monitored (surface oxide, substrate quality,...)
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6.1.1.2 Quantitative Comparison

For a more convincing picture of the ability of the model to quantitatively predict
the experimentally measured A R,. on homogeneously doped silicon, we compare
in Fig. 6.2 the experimental and theoretical variations with doping concentration in
the four parameters of the damped wave of Eq.(6.3). A R, has been measured on
18 p-type doped samples and 2 n-type doped samples. For the sake of clarity, the
theoretical curves are only shown for p-type doping since n-type doping would yield
similar results (see Fig.4.16). To facilitate the understanding, the theoretical curves
for pure plasma and pure thermal signals are also shown.

The overall behavior of the signal on homogeneously doped substrates can be
divided into three regimes.

First, at low doping (<10'° cm™3), the pure plasma signal amplitude is approxi-
mately three times greater than the pure thermal signal amplitude. A R, is therefore
plasma-dominated. The total signal amplitude shown in Fig. 6.2a is, however, always
lower than the pure plasma signal amplitude due to the opposite sign of the non neg-
ligible thermal component. Interestingly, the signal amplitude shows a bump in the
10" —10'° cm~3 doping range due to the non-monotonic behavior of the fundamen-
tal mode of the excess carrier distribution (Fig.4.14c). The signal phase in Fig. 6.2c
follows very closely the phase of the pure plasma signal. Finally, the behavior of
the signal decay length and wavelength in Fig.6.2b and d is more complex since
they both depend not only on the ratios of the amplitudes of both signal components
but also on the ratios of their decay lengths and wavelengths. As can be observed,
the signal decay length follows the plasma decay length while always being longer.
This is due to the slightly shorter decay length of the dominated thermal component.
Due to the opposite signs of both signal components, the lateral decay in the domi-
nated thermal component partially compensates the lateral decrease in the dominant
plasma component, which results in a signal decay length longer than the plasma
decay length. Similarly, the signal wavelength in Fig. 6.2d is always longer than the
plasma wavelength (slower lateral change in phase) due to the shorter wavelength of
the dominated thermal component.

Second, at high doping (>10*°cm™3), the signal is thermally dominated. The
signal phase follows the phase of the pure thermal signal while the amplitude is
slightly lower than the pure thermal signal owing to the presence of the plasma
component of opposite sign. The signal decay length is longer than the thermal decay
length due to the short decay length of the plasma component. The signal wavelength
is equal to the thermal wavelength since the plasma wavelength is infinite.

Finally, at intermediate doping concentrations, a transition region is observed
where commensurate plasma and thermal components of opposite signs are in tight
competition. This is by far the region where the signal behavior is most complex to
understand and, therefore, to model. First, the signal amplitude decreases as long as
it remains plasma-dominated (doping <5 x 10'” cm™3) and then rises once the pure
thermal signal becomes dominant. The minimum value of the amplitude is not a
zero since the two signal components are out of phase. Second, the signal phase
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Fig. 6.2 Variation with doping concentration in a the amplitude at » = 0, b the signal decay length,
c the phase at r = 0 and d the signal wavelength of the AC reflectance AR,. on homogeneously
doped substrates. The theoretically predicted signal values for the total signal on p-type doped
substrates (full lines) are in good agreement with the experimental data on both n- and p-type
substrates. The theoretical pure plasma signal (dashed lines) and pure thermal signal (dotted lines)
are also indicated for completeness. The size of the experimental symbols is not representative of
the error bar which is too small to be shown on the plotted scale (Appendix A.2)
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undergoes a very abrupt transition approximately equal to (180° + ¢>f - ¢ih).
Finally, the signal decay length and wavelength show a very complicated behav-
ior owing to their very subtle dependence on the ratios of the signal component
amplitudes and decay lengths. In this transition region, both the signal decay length
and wavelength can reach negative values and infinite values (asymptotes). In all gen-
erality, a negative signal decay length is obtained when simultaneously two signal
components of opposite signs are commensurate and the lateral decay in the dom-
inated component is much faster than the decay in the dominant component. More
specifically, in the case of homogeneously doped substrates we are looking at, this
situation only occurs for a narrow doping range around 102° cm™—2 where the slightly
dominant thermal component decays much more slowly than the dominated plasma
component. Conversely, a negative signal wavelength is obtained when simultane-
ously two components of opposite signs are commensurate and the dominant signal
component decays faster than the dominated component. This is observed for a rela-
tively wide doping range around 10'® cm~3 where the dominant plasma component
decays faster than the dominated thermal component. An infinite signal decay length
(resp. wavelength) occurs when the lateral decay (resp. lateral phase shift) in the
dominant and dominated components perfectly compensate each other. The position
of these asymptotes is even more complex since it further depends upon the phase
difference and wavelength ratio of the two components.

Let us now look at the experimental data also presented in Fig. 6.2. Their agree-
ment with the theoretical curves is excellent in all three regions, i.e. even in the very
complex transition region. Notice, for example, the correctly predicted positions of
the asymptotes of both characteristic lengths in Fig. 6.2b and d. Further, the bump on
the signal amplitude predicted by our theory is observed experimentally, but it has a
lower magnitude.

Though the agreement is good, it remains unsatisfactory in the low doping range,
which is of the highest interest to this study. At low doping concentrations, both the
experimental decay length and wavelength are closer to the pure plasma signal values
than the total signal. This seems to indicate that our model slightly underestimates
the ratio of the plasma component to the thermal component. We come back to this
important observation in Sects. 6.2 and 6.3.

For the sake of completeness, note that an estimation of the normalization factor
I'p and phase 6 is needed to compare theory to experiments like in Fig.6.2. In this
figure, we take ['g = 4130 and 8y = —57° so as to align the low doping values of
the amplitude and phase. L% and A, are, however, independent from these factors.

6.2 Box-Like Doping Profile

Let us now summarize the various contributions to the measured signals in the
case of a box-like doping profile. Just like for homogeneous doping, two effects
are to be reported. First, the equilibrium carriers due to the box-like doping profile
modify the steady refractive index profile (Chap. 3) and hence R4. (Chap.?2). Second,
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as a consequence of the pump and probe lasers shining on the sample, an excess car-
rier distribution and an excess temperature distribution are generated. As shown in
Chap. 5, these two distributions can easily be derived from the distributions generated
in a homogeneously doped substrate, as found below the doped layer. In comparison
with the homogeneous doping case of the previous section, the specificity of the
present Section is that the equilibrium and excess carriers show an abrupt in-depth
change in concentration at the junction depth, inducing a similar abrupt change in
refractive index.
In other words, using Egs. (2.17) and (3.16), Ry can be written

Ryc = Ro{1— 45 LP ing [1 — cos(4mnoX j /Aprobe) |
dc 0 n(z) “1my doping 0A j/Aprobe
for p-type doped layers (6.92)
48 1
Rac = Roy1— 5 — Ndoping [1 - COS(“'””OXj/)‘probe)]
ny—1me
for n-type doped layers. (6.9b)

Equations (6.9a) and (6.9b) neglect the impact of the steady excess carrier and tem-
perature distributions on Ry (see e.g. Fig. 6.3a). They also assume low doping in the
substrate. Finally, notice that, in agreement with formula (3.16) and the general con-
clusion of Chap. 3, we have neglected any possible variation in the optical constants
due to BGN. As a consequence, the sin(4wnoX j /Aprobe) contribution to the signal
vanishes. For further discussion of this approximation, we refer to Appendix A.6.

The AC reflectance, also assuming negligible impact of BGN on the optical con-
stants, can be written

ARqac(r) = 1—‘0 exp(—if)

2
o~
x|~ (— + —) AN ([T = cos(mn0 X /2probe)]

layer plasma component

1
-B (* + %) ANsubl(’)9‘()5(47'”1()Xj/)hprobe)

substrate plasma component
1 SATI() }
—_——

thermal component

4R, i
= Ty exp(~ifp)
ny — 1

pl pl

x {7;3 (i + —) [AN;1 (r = 0)| [1 = cos(dmngX j /Aprobe) ]| expl—ig] (r = 0) — r/L —2imr/A]

me  m

layer plasma component

1 1 ]
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e

substrate plasma component
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+8IAT (r = 0) exp[—ig! - = 0) — r/L!], — 2imr/AlM) ] (6.10)

thermal component

Equations (6.9) and (6.10) are our model equations to explain the behavior of Ry
and A R, on box-like doping profiles. The addition of the excess carrier and temper-
ature distributions obtained in Figs. 4.14 and 4.15 (only low doping region) as well as
Fig.5.4 complete our model. In summary, the DC reflectance R4 shows sensitivity
to both layer doping and junction depth. In particular, Ry, increases linearly with the
doping concentration. As for the AC reflectance AR, it is a three-component sig-
nal. The first component is the layer plasma component, related to the excess carrier
concentration in the doped layer. This component always has the phase and wave-
length of the plasma component on a homogeneous sample. The second component
is the substrate plasma component, linked to the excess carrier concentration in the
substrate. It has the wavelength of the plasma component on a homogeneous sam-
ple. However, due to the interference between the surface and interface modulated
reflections, the sign of this component changes at a junction depth X ; = Aprobe/(8720)
(A~22nm). Its phase can therefore either be the same as on a homogeneous sample
(X; < 22nm) or 180° out of phase (X; > 22nm). This remark is of the utmost
importance for the general understanding of the signal behavior. The third and final
component is the thermal component which is the same as the thermal component
on a homogeneous silicon substrate. Note that, like Rqc, ARy is sensitive to layer
doping and junction depth. However, only the layer plasma component of ARy is
sensitive to doping. The sensitivity to doping consequently decreases with increasing
doping (Fig. 5.4 or Eq. (5.10)). This explains why no correlation between A R, and
dose or sheet resistance can be found. This is very different from the behavior of
Rgyc, which has shown very high correlation with sheet resistance [6]. This important
difference between the behaviors of the two measured signals should be kept in mind
for Chap. 7.

6.2.1 Comparison of the Model with Experimental Data

Similar to the case of homogeneously doped substrates, we separate the discussion
into the qualitative behavior of experimental offset curves in Sect.6.2.1.1 and the
quantitative comparison with our model in Sect.6.2.1.2.

6.2.1.1 Qualitative Comparison

Experimental offset curves measured on CVD box-like profiles are shown in Fig. 6.3
for two different p-type doping concentrations in the layer (CVDI12 matrix, see
Appendix A.3). First, looking at the DC reflectance (Fig. 6.3a), we clearly see that,
at least qualitatively, it follows formulas (6.9) quite nicely. In particular, as assumed
above, the curves are flat, which confirms that the time-independent excess carriers
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and temperature are not observed. It can also be seen that Ry, decreases when the
depth of the box varies from 0 to approximately 44 nm (= Aprobe/(410)). For deeper
layers, Ry. increases with depth in agreement with the cosine behavior of formulas
(6.9). As expected also, the amplitude of the variations in Ry increases when the
doping increases.

Figure 6.3b shows the offset curves of | A R,¢|. When the beams are aligned, a non-
monotonic behavior is observed when X ; varies, indicating the dominance of the
plasma component over the thermal component. We will see in the next paragraphs
that this behavior is a rectified cosine (| cos |), as suggested by formula (6.10). Further,
the amplitude of the cosine seems to increase when the layer doping increases. The
behavior of the signal decay length, however, is difficult to determine based on this
figure. Nonetheless, one clear observation is that the signal decay length is very close
to that measured on a lowly doped substrate for very shallow X ;. The other, less clear,
variations are discussed in the next section.

Figure 6.3c shows the offset curves of ¢,.. The phase for coincident beams also
shows a non monotonic behavior. It is remarkable that, except for a couple of lay-
ers, the measured phase is either about 120° for depths below 30 nm or about —40°
for deeper layers. This behavior is due to the sign change of the substrate plasma
component at 22 nm. It can also be observed that, for low doping, the phase transi-
tion occurs for deeper layers. This transition can be explained from the competing
behavior of the substrate and layer plasma components, the latter being larger at low
doping (Fig.5.4). Similarly, we see that the signal wavelength varies with depth but
the behavior seems to be complex, just like that of the decay length. It can, however,
be observed that the signal wavelength is approximately 120 wm when the phase is
not in the transition region. This is about the wavelength of the plasma wave on a
lowly doped substrate (see e.g. Fig.4.14), which clearly indicates a plasma domi-
nated behavior. In the transition region, negative wavelengths are observed. This is
a consequence of the fast decay in layer plasma component which manages to hold
the phase positive under the pump beam but not away from it.

6.2.1.2 Quantitative Comparison

Based on the previous observations, it seems that there is a good qualitative agreement
between formulas (6.9) and (6.10) and Fig. 6.3. However, just like for homogeneously
doped substrates, we would like to compare quantitatively the results of the developed
model with the experimental data. For this purpose, we focus on the experimental
data measured on the layers of the CVD12 matrix as above (layer doping Poping =
1.3 x 10" cm™3 and 6.4 x 10" cm~3), complemented with one set of the CVD13
matrix (layer doping Poping = 3.3 X 10" cm™3). The comparison between our
theoretical predictions and the experimental data measured on these layers is shown
in Fig.6.4.

The quantitative discussion of the variations in Ry is fairly simple. We show
in Fig.6.4a that this signal varies cosinusoidally with X ;. In particular, based on
three different doping concentrations in the 1 — 6 x 10'cm™3 range, we show
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that the model gives very good agreement with experimental data. Notice, however,
that the doping concentration used to fit the experimental Rgc is 75 % higher than
the value based on sheet resistance measurements, independently from the doping
concentration. This discrepancy is looked at in Sect. 6.3.1.

The quantitative discussion of AR,c is more complex. The main complication
lies in the very high sensitivity of AR, to the accuracy of the calculated substrate
injection. On a box-like doping profile, A R,. indeed depends on the excess carrier
concentration in the substrate through two of its components, i.e. the substrate plasma
component and layer plasma component. In other words, an error on the calculated
excess carrier concentration in the substrate would propagate and lead to unacceptable
results. It is therefore of critical importance that the excess carrier distribution in the
substrate be correctly calculated. Yet, Sect.6.1 shows that the agreement between
the model and the measurements on homogeneously doped silicon, though good, is
not 100 % quantitative. In particular, a possible small underestimation of the plasma
component has been noted. For this reason, we propose a new calibration procedure
providing an improved calculation of A Ng,p0, ANgyup1 and ATj. Rather than using
the distributions derived directly from our calculations, we propose to combine the
insight offered by the developed theory and the experimental data measured on a
lowly doped substrate. The proposed calibration procedure is as follows:

e we measure the experimental offset curve on a lowly doped substrate, such as the
one the CVD layers have been grown on (e.g. before growth of the layer)

e we fit Eq. (6.8) and the three-dimensional linear ambipolar and heat diffusion equa-
tions (Egs. (4.60b), (4.60d)) to the measured curves with the uniform ambipolar
diffusivity and the uniform carrier lifetime as fitting parameters. The fitting algo-
rithm actually also involves the normalization factor I'g and phase 6. Importantly,
this fitting procedure gives a unique solution. The slopes of the measured curves
indeed give access to the ambipolar diffusivity and the carrier lifetime (see e.g.
the asymptotic behavior of Lgi and Af Lin Fig.4.10). Further, 'y and 6 are fixed
by the values of the signals themselves.

e ANy,p1 and ATy are direct outputs of the fitting procedure. Note that the obtained
distributions are very close to the distributions calculated in Chap. 4. Typically, on a
lowly doped substrate, a 2 x 10~ s carrier lifetime is obtained, in good agreement
with Auger recombinations at the expected injection. The obtained ambipolar
diffusivity, however, is about 4cm?s!, ie. about two times smaller than the
theoretical values (see e.g. Fig.4.5). As a consequence, the obtained |A Ny, 1] is
about 30% higher than calculated, while the temperature is roughly unchanged. The
decay lengths, wavelengths and phases of both components remain approximately
unchanged (<5% difference). This discrepancy is looked at in Sect.6.3.2.1.

e ANy is calculated based on the steady linear ambipolar diffusion equation
(similar to Eq.(4.60a) with the consideration of the probe laser), assuming the
uniform ambipolar diffusivity and carrier lifetime derived in this procedure. The
obtained ANg,p0 on a lowly doped substrate is roughly 30 % higher than the
calculated one due to the lower ambipolar diffusivity. The decay length, wavelength
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and phase are approximately the same as their calculated counterparts (<5 %
difference).

Notice that, besides providing a simple and direct access to A N,p0, ANgyp1 and
AT, this calibration procedure shows some other great advantages. First, values for
the normalization factor I'g and phase 0y are derived consistently. These values would
have had to be assumed otherwise (see e.g. Sect. 6.1 for homogeneous substrates).
Second, the procedure can be generalized to other substrates, e.g. with preamorphiza-
tion. This proves very useful in Sect.7.2. Finally, given that D, is measured rather
than calculated, the modeling error is also reduced (Sect.6.3.2.1). The calibration
procedure is, however, still perfectible. First, it assumes a fixed value for the absorp-
tion coefficients and irradiances of both lasers. Any actual variation in any of these
coefficients during the measurements (e.g. plasma-induced BGN, long-term instabil-
ity of the laser irradiances,...) would therefore mistakenly be attributed to variations
in I'g. Second, it assumes uniform values of D, and t. We will see in Sect. 7.2 that
this assumption is quite detrimental in the case of preamorphized substrates. We,
however, still believe this new calibration procedure is a great improvement over
the previously used procedure, which would attribute all the possible variations to
changes in the measured profiles.

The results based on our model Eq. (6.10) and on the proposed calibration proce-
dure are shown in Fig. 6.4b—e for three doping concentrations in the 1 —6x 10'® cm ™3
range. The values of the normalization factor and phase obtained by fitting of the
substrate offset curves are I'g = 2857 (a.u.) and 6y = —61°. We separate the dis-
cussion of the signal behavior into three. First, we focus on highly doped layers (red
curves). We then proceed to the case of moderately doped layers (black curves) and
finish with the lowly doped layers (blue curves).

Let us first discuss the case of a high doping concentration in the layer (red curves).
The signal amplitude shown in Fig. 6.4b follows a rectified cosine (| cos |) behavior,
which indicates a dominant substrate plasma component. The amplitude reaches a
minimum at X ;rami‘i"“ A2 22nm as a result of the sign change of the substrate plasma
component. More precisely, X ;ransmon corresponds to the depth where the substrate
plasma component and layer plasma component are equal but of opposite signs (if
the thermal component is neglected) and is therefore deeper than 22nm (25nm in
this highly doped case). An approximate expression of X;m“mi‘m can be found by
solving

—|AN;1/ANgup1l
1— |AN11/ANsub1|.

cos (4o XSO /) obe) = (6.11)

Note already that the signal behavior around XU2Msition s very complex since all
three signal components are roughly equal. Moving on to the signal phase, shown
in Fig. 6.4d, it is first very close to ¢ ! for X i<X }ra“sm"“ and then undergoes an
abrupt transition at X"1o" dque to the sign change of the substrate plasma com-
ponent. The total phase variation is almost equal to 180°, but is slightly smaller due
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to the different phase of the thermal component. As can be expected, the discussion
of the signal decay length and wavelength shown respectively in Fig. 6.4c and d is
very complex owing to the presence of three signal components. We therefore keep
the discussion simple and focus on the possibility for negative values. Starting with
the signal decay length, the conditions for a negative signal decay length are found
in a narrow X; range deeper than X }ra“Siﬁon. In this region, indeed, the substrate
and layer plasma components are commensurate and of opposite signs and, simulta-
neously, the dominated layer plasma component decays faster than the dominating
substrate plasma component. This explains the negative signal decay length when
Xj>X tl.r"‘"mi"". A similar argument holds for the negative signal wavelength. For

junction depths included approximately between 22 nm and X ;.ra“smo“, the substrate
and layer plasma components are commensurate and, simultaneously, the dominant
layer plasma component decays faster than the dominated substrate plasma compo-
nent. As a result, the signal wavelength is negative in this narrow X ; range.

Second, for layers with an intermediate active doping concentration (black
curves), the behavior is similar. The observed differences with respect to the red
curves (higher doping) are due to the larger A N; and, hence, the higher amplitude of
the layer plasma component. First, the transition region moves towards deeper X ;,
ie X }ranSi‘i‘m ~ 32nm. Second, the X ; ranges where a negative signal decay length
or wavelength can be found widen dramatically.

Finally, the lowly doped layers (blue curves) show quite a different behavior.
The reason for this difference is that |AN;1/ANg,p1| > 0.5. In this case, Eq.(6.11)
predicts that no transition should occur since the layer plasma component is larger
than the substrate plasma component independently from X ;. This is indeed what
is observed. As a consequence, the phase and decay length remain approximately
equal to respectively qﬁf ! and fo independently from X ;. Note, however, that the
dominance of the layer plasma component independently from X ; allows a negative
signal wavelength on a very broad X ; range.

This overall theoretical behavior is in very good agreement with the experimental
data. In particular, Fig.6.4b and d show the excellent agreement between the mea-
sured and theoretical values of the amplitude | A Ry (r = 0)| and phase [, (r = 0)]
for coincident beams. The agreement between calculated and experimental signal
decay lengths L% and wavelengths A, respectively in Fig.6.4c and e is also satis-
factory.

Note that most of the observed discrepancies between experimental and theo-
retical L% and A, are just a consequence of the definition of these characteristic
lengths. It has to be reminded that, though AR, has been defined as a damped
wave in Eq. (6.3), it is actually the superposition of three of them (Eq. (6.10)). It can
therefore be expected that, in order to have well-defined signal decay lengths and
wavelengths, one or, at most, two signal components must be dominant. This is the
case on homogeneously doped substrates, where a very good agreement has indeed
been found between the theoretical and experimental values of these characteristic
lengths. Very importantly, Fig.7.5c and the related discussion in Sect.7.1.2 of the
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next chapter confirm that our model accounts for the lateral behavior of A Ry with
great accuracy.

As a consequence of the observed good agreement, the model Eq. (6.10) can there-
fore be believed to quantitatively model the variations in A R,.. However, it can be
noticed that the active doping concentrations needed to obtain the theoretical curves
of Fig.6.4 are different from the ones derived by sheet resistance measurements.
They are also different from those needed for Ry.. More particularly, the sensitivity
of AR, to doping seems to be overestimated by the model. In Sect.6.3.2.2 below,
we determine the possible explanations for the disagreement.

As a final remark, note that Appendix A.5 studies qualitatively the behavior of
A R, on n-type layers and shows that they behave similarly to p-type layers. They do
not directly appear in this chapter because, unfortunately, these layers were grown
in the early phase of this project. As a consequence, it is impossible to study them
quantitatively. We indeed have no measurement on the homogeneous substrate before
growth of the CVD layer and can therefore not apply our calibration procedure.
Further, these n-layers have been grown on substrates of low quality (monitor wafers).
This proves to strongly reduce the repeatability of the technique as already mentioned
and as shown in Appendix A.2.

6.3 Discussion of the Modeling Error

As confirmed in the previous sections of the present chapter, our model equations give
very satisfactory agreement with experimental data. It cannot be claimed, however,
that the model is perfectly quantitative. Some discrepancies between experiments and
theory have indeed been observed both on the DC and AC reflectances. We would like
to investigate the most likely causes for the disagreements. Note that, in spite of the
important conclusions drawn in this section, the model will remain as discussed thus
far. This section therefore must be considered as an open discussion. It also contains
some of our recommendations for future work and for possible improvements of the
model.

We separate this study into two items. First, we look at the discrepancies observed
on Rg4c in Sect.6.3.1. Section 6.3.2 then focuses on the error on AR,¢.

6.3.1 Modeling Error on Ry,

Figure 6.4 shows that our model Egs. (6.9a) and (6.9b) correctly predict the behav-
ior of Rgc on box-like profiles. Nonetheless, we have noticed that our model only
fits the experimental behavior of Ry if we use doping concentrations 75 % higher
than expected from accurate (zero-penetration) sheet resistance measurements. Two
causes are likely to explain this discrepancy.

First, the difference could be attributed to a possibly underestimated electrore-
fractive effect in our model. As already mentioned in Chap. 3, this underestimation is
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likely since large variations in the quantification of the electrorefractive effect have
been published [7] (up to a factor 10 variation).

Second, the observed difference can equally come from an error on the active
doping concentration derived from the sheet resistance measurements. As already
mentioned in Sect. 1.2.1.3, sheet resistance measurements give access to the conduc-
tivity in the layer, not its active doping concentration. In other words, a value of the
majority carrier mobility is needed to access the active doping concentration. We
have made use of the bulk mobility values given by Ref. [8]. It is, however, well-
known that mobility in a doped layer is degraded (up to 30 %) by the presence of
inactive dopants [9]. The derived active doping concentration, which we have here
called “experimental”, should therefore only be taken as a lower limit of the active
doping concentration.

The discrepancy observed on Ry, is likely to be due to both error sources. It is
unfortunately not possible to determine which, if any, is dominant. To solve this
problem, we recommend to run mobility measurements on the full matrix of p-type
CVD layers, e.g. with a Hall-based technique [10, 11]. Knowing the actual values
of the majority carrier mobility in the layer, the correct active doping concentrations
will be found. As a consequence, an experimental value for dn /9 P will be derived.
We also recommend to run the same experiment on n-type layers so as to determine
an experimental value for dn/0N. This is obviously needed for the quantitative
understanding of Rg4c on n-type layers. As we show below, it is also needed so as to
improve the modeling of A R, on both p- and n-type layers.

6.3.2 Modeling Error on AR,

Figures6.2 and 6.4 show that our model Egs.(6.8) and (6.10) correctly predict
the behavior of AR, respectively on homogeneously doped substrates and on
box-like profiles. However, the quantitative comparison between experiments and
the results of our model highlights two main issues. First, measurements on lowly
doped substrates underline the underestimation of the ratio of the plasma compo-
nent to the thermal component. We study the possible sources for such an error in
Sect. 6.3.2.1. Second, the modeling of the dependence of A R, upon doping needs to
be improved. In particular, we have noticed an overestimated sensitivity to doping.
The origin of this effect is discussed in Sect.6.3.2.2.

6.3.2.1 Underestimated Plasma-to-Thermal Component Ratio

The experimental data on lowly doped substrates show that the ratio of the plasma
component to the thermal component is slightly underestimated by the model (see
signal decay length and wavelength in Fig. 6.2). Three possible error sources can be
considered.

The first error source is the possible underestimation of the electrorefractive effect.
This effect has also been mentioned as a likely source of error in the modeling of Ryc.
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The fact that this effect is observable on both R4. and A R,. cannot be a coincidence
and is considered as a confirmation of the underestimated electrorefractive effect. As
a consequence, the problem should, at least partially, be solved when experimental
values for dn/9 P and dn/d N are measured, as we suggest in Sect. 6.3.1 above.
The second possible source of error lies in the underestimated excess carrier
concentration. Two arguments are in favor of the underestimation. First, we have
mentioned in Sect.4.1.3.1 that our model underestimates the band-to-band absorp-
tion coefficient aptg. We have also shown how much this parameter can affect the
excess carrier concentration (Fig.4.14). Second, we have seen that, in order to fit the
slopes of the offset curves measured on homogeneously doped substrates, a reduced
ambipolar diffusivity is needed (Sect. 6.2.1), leading to a 30 % increase in excess car-
rier concentration. Physically speaking, this reduction in ambipolar diffusivity is in
contradiction with the excellent agreement between the theoretical and experimental
D, values shown in Fig.4.5. One way of having theory and experiments to agree is
to speculate that the BGN counter-diffusive terms DEY and DEN start to impact
the ambipolar diffusivity significantly at excess carrier concentrations of the order
of 108 cm™3, i.e. for larger injections than the experimental data of Fig.4.5. In that
case, at high injection, their negative contribution DEGN to the ambipolar diffusivity

wpD7 " + un DN

DBGN=
¢ Mn + tp
1| oE
= _Hnkp AN—) e | 6.12)
Mo +pnp g |0AN

would lead to a reduced ambipolar diffusivity. This, in turn, would increase the excess
carrier concentration and, therefore, generate a positive feedback loop. In any case,
both the underestimated agTp and overestimated D, point towards the importance
of an accurate quantification of the plasma-induced BGN in our study. Note that
plasma-induced BGN can be accounted for by the model we use [12] but it has not
been checked experimentally (only doping-induced BGN). We therefore believe this
problem would be partially solved with a better quantified plasma-induced BGN
model.

Interestingly, the underestimated carrier injection can also serve as a justification
for an assumption which we have made in this thesis. We have assumed a zero
surface recombination velocity (SRV) at all boundaries. The initial reason is that this
effect cannot be modeled quantitatively [13]. We now can see that this assumption
is acceptable since adding a nonzero SRV at any boundary would have led to a
further reduction in carrier injection. We believe the negligible values of the SRV
in this work can be partially explained by the high modulation frequency of TP.
A diffusion-limited behavior indeed shows little sensitivity to recombinations (see
e.g. Sect.4.2.1). Another explanation lies in our measurement procedure (Appendix
A.1.1) where the signals are recorded only about 25 s after starting shining the pump
and probe lasers on the sample surface. This indeed tends to charge the oxide and
therefore to reduce the SRV [2].
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As for the third source of error, i.e. the possible underestimation of the excess
temperature of thermorefractive effect, we do not have any evidence for it. We
therefore suggest this effect should be looked at when the above-mentioned two
problems are solved.

6.3.2.2 Overestimation of the Sensitivity of A R,. to Layer Doping

The active doping concentrations needed to fit the experimental behavior of A R, on
box-like profiles in Fig.6.4 do not match the active doping concentrations derived
from sheet resistance measurements. In particular, it has been observed that the
sensitivity of AR, to doping seems to be overestimated. This sensitivity can be
calculated from the following derivative

‘ dAR. | ‘BARaC dAN;
aPdoping dANp anoping
4Ry 1 1 dANy
= ——ToB | —+ — ) |1 — cos(4mno X, /Aprobe) | |[z5—| -
ng — 1 me mp anoping
(6.13)

The previous considerations of the modeling error in this Section have implied that
the Drude § factor and the electrorefractive effect it embodies are actually underesti-
mated. The error would therefore originate from an overestimated [d A N1 /9 Paoping|-
In cases of low injection (high doping) in the doped layers, we have, using Eq. (5.10)

0 [28NuoANt (- Ey — Eg
0P doping P doping kpT

_ZAthO|ANmb1| expl — Ei’ B Egub L aEi’ + 1
kT kT anoping Pdoping
(6.14)

‘ JAN
8Pdoping

P, doping

Apparent from Eq. (6.14) is that an overestimated sensitivity to doping is likely to
come from overestimated values of A Ng,p0, i.e. of the steady carrier injection level
below the doped layer. We believe this is a direct consequence of our supposed inde-
pendence of the substrate injection from the doped layer. As can be seen in Fig. 5.3,
though the fundamental mode of the excess carrier distribution in the substrate is
expected to vary little with the doped layer, its constant mode decays quite strongly
for highly doped layers (2220 % for a layer doping concentration of 2 x 10?0 cm™3).
To enhance the accuracy of the model, it is therefore critical that this effect be taken
into account. Two solutions can be considered. First, on the theoretical side, one
should go back to the full time-dependent (or steady periodic) drift-diffusion simu-
lations. As already mentioned, however, both the implementation and resolution of
this problem are complex and time-consuming tasks. An alternative, experimental,
solution is to increase the pump irradiance and, thus, reduce the impact of the deple-
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tion effect observed in Fig.5.3. We obviously recommend the latter experimental
solution. It is very interesting to note that, as can be seen in this section, A Ny 1S
overestimated while, as shown in the previous section, A Ny, is underestimated.

Further, plasma- and doping-induced BGN effects also appear in Eq.(6.14) via
respectively E g,”b and E é. They can therefore also be identified as a source of error.
Their presence as argument of an exponential shows once again that very high accu-
racy is needed for the BGN model.

Note, finally, that the presence of inactive dopants in the doped layers could also
explain partly the observed overestimated substrate injection [ 14]. However, the high
activation of our CVD layers (=50 %) lets us think that this effect is marginal.

6.4 Summary

In this chapter, we have derived model equations to explain the experimental behavior
of the DC reflectance Ry. and AC reflectance A R,.. These equations read respectively
for a homogeneously doped substrate

4
RSUbsTae — Ro | 1 — T'BPdoping for p-type doping (6.15a)
mp(ng—1)
Substrate 4p :
Ry. = Ro | 1 = —————Ndoping | for n-type doping (6.15b)
me(ny — 1)
Substrate 4R 1 1
AR (r) = 5——Toexp(=ibo) | =B — + — ) ANi(r) + 8ATI(r) |,
0 -1 me mp
(6.15¢)
and for a box-like profile
46 1
RBOX — 0 [ 1 - 71(2)—_1m_hpd0ping [1 — COS(47TI1()Xj/)\.pr0be)]]
for p-type doped layers (6.16a)
4 1
RBOX =Ry [1 — z—ﬂ_Ndoping [1 — COS(47Tn0Xj/)»pmbe)]}
ny—1me
for n-type doped layers (6.16b)
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1 1
- B (_ + _) ANsyp1(r) COS(47TnOXj/)‘probe) +8AT (l")}
me mp
(6.16¢)

These equations, together with Figs.4.14 (red curves), 4.15 (red curves) and 5.4
constitute our model. The model has been tested on homogeneously doped substrates
and p-type CVD layers. Though the model is in good agreement with experimental
data, the doping dependence of both R4 and A R, still requires some improvement.

Some suggestions and directions have been given to refine the model.
To conclude, let us write our model equations for an active doping profile with an
arbitrary shape

+00
48 1 0 Pdoping (2)
Rgcroﬁle =Ry1l-— — | Pdoping(z = 0) + / —copmg 2 cos(4mn0z/hprobe)dz
ng—1mp . 0z
L 0+

for p-type active doping profiles (6.17a)

w1 70 Ngoping ()

doping (2
REOME = Ro 1= P | Noopng(c = 0)+ [ “2PEE costamngs ageoped:
ny — L mp . z
L 0+
for n-type active doping profiles (6.17b)
4R
ARG () = =0 exp(—ifp)
ng—1
1 1 +c>oBAN (r, 2)
nw,z
X { -8 (;e + m7h) AN (r,z=0)+ / a0 cos(4mnoz/Aprobe)dz
0+

1 8AT, (r)}. (6.17¢)

which, together with Eq. (5.8), Figs.4.14 and 4.15, constitute our model to explain
the behavior of the DC and AC reflectances on active doping profiles of arbitrary
shape.
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Chapter 7
Application of the Model to Carrier Profiling

In the previous chapters, we have developed, tested and commented a physical model
to explain the general behavior of the DC reflectance Ry and AC reflectance A Ry,
as measured with TP on homogeneously and non-homogeneously doped silicon.
In this chapter, the insights of the previous chapters are put together in order to
solve the inverse problem. In other words, in this chapter, we show how to deduce
information about unknown active doping profiles based on TP measurements. We
start, in Sect.7.1, by showing that it is possible to determine the junction depth of
a box-like doping profile based on AR,.. This signal has indeed shown a strong
sensitivity to junction depth (Eq. (6.10)). Using AR, is a very promising approach
for the non-destructive determination of the junction depth of an unknown doping
profile. It is of particular interest to mention that, though modeling is involved in the
development of the X ; determination technique, the derivation of the X ; value itself
is based on processing of experimental data only. This is of course a great advantage
since we have shown that the layer-doping dependence of AR, is yet to be better
quantified. Further, since the ultimate objective of this work lies in the reconstruction
of complete active doping profiles, we develop, in Sect. 7.2, a model-based method
for full profile characterization by combining the use of A R, offset curves and Rgc.
We will see that this technique shows a promising agreement with other carrier and
dopant profiling techniques, with the great benefit of being non-destructive, local
and fast. We will also underline the current limitations of the technique.

Interestingly, in the course of this chapter, we will find some additional confirma-
tion of the ability of our model equations to explain the qualitative and quantitative
behavior of Ry. and ARyc.

7.1 Model-Free Determination of Junction Depths

As clearly highlighted in formula (6.10), AR, is very sensitive to X ;. However,
though this signal varies also with the doping concentration in the layer, the sensi-
tivity to the latter drops at the high doping concentrations needed to make efficient
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USJs (>10%°cm™3). In other words, AR, is certainly a very promising signal to
help determine X ; but, on its own, is quite unlikely to be useful for full profile recon-
struction. It also has to be recalled that the variations in A R, with layer doping are
not accounted for with sufficient accuracy by our model (Chap. 6). In this section,
we therefore focus on the use of AR, for the extraction of X ;.

In order to isolate X ; in the expression of A R, we somehow have to cancel the
other dependencies of AR, and thus the layer plasma and thermal components. In
order to reach that goal, we first propose to use offset curves in Sect.7.1.1. We show
that it is, in theory, possible to derive an absolute value of the junction depth of a
box-like doping profile. Second, in Sect.7.1.2, we develop an alternative technique
for the relative determination of X ;. Advantageously, these two techniques do not
involve any modeling in the X ; determination, at the expense of one or two calibration
measurements.

7.1.1 Absolute Determination of Junction Depths

The main requirement for the determination of X; from AR,. measurement is to
eliminate the layer plasma component as well as the thermal component. The solution
investigated in this section is the separation of the laser beams, i.e. offset curves.
Based on the decay lengths observed in Figs.4.14d, 4.15d (red curves) and 5.4, it is
obvious that the three signal components of Eq. (6.10) do not decay laterally at the
same pace. In particular, our calculations show that the substrate plasma component
has the largest decay length (/2.7 wm). In other words, for sufficiently separated
beams, the substrate plasma component is the only remaining signal component, i.e.

. Box 4R() . 1 1
lim AR, (r) = ————Toexp(—ibp)B | — + — ) ANgup1(r)
r—>00 ng—1 m, my
x cos(4mwnoX j/Aprobe)s (7.1)

where X; is now the only parameter linked to the doping profile. Similarly on a
homogeneously doped substrate, we also have

4R 1 1
lim ARSI () = — 20 1) exp(—ifo) (— + —) ANgup1 (). (7.2)
F—> 00 n —l mh

0 Mme

Since the fundamental mode of the excess carrier distribution in the substrate is
independent from the doped layer,] we have, when taking the ratio of formulas (7.1)
and (7.2),

' We believe it is important to remind that A Ny, is expected to vary with the layer doping, A Ny,
is not (Fig.5.3).
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. ARG (r)
rll)ngo W = COS(47Tn0Xj /)\probe)- (73)

The meaning of Eq. (7.3) is that the ratio of the signals measured respectively on the
studied sample and on a lowly doped substrate such as the one underlying the doped
layer should give an easy access to the junction depth of the sample if the pump and
probe beams are sufficiently spaced apart. In other words, the junction depth of a
doped layer can be determined by

A A RBox
X;= Zprobe o ecos | Tim _ART()
4mng r—00 ARECubstrate (r)
A
if X < T~ d4nm (7.42)
no
A A A RBox
Xj= Zorobe _ 2P0 yrecos | lim AR ()
2ng 4mng r— 00 ARgcubstrate (r)
A A
if P00~ ddnm < X < T~ 88, (7.4b)
4I’l() 21’l()

if we limit our study to sub-88 nm layers. These are our equations for the absolute
determination of junction depths. Notice that, Eqs. (7.4a) and (7.4b) show that the
derived X; is unique only if one focuses on sub-44nm junction depths. For real
junction depths of USIJs, this is obviously not a problem (X; < 20nm). In our
investigations, however, both formulas (7.4a) and (7.4b) are needed (CVD12 and
CVD13 have X; < 60 nm).

Before testing this technique on real measurements, we would like to point out
that the right-hand side of Eq. (7.3) is a real constant. As a consequence, concerning
the left-hand side, it is expected that:

e its amplitude should vary in the first one or two micrometer separation, corre-
sponding to the faster decay in thermal and layer plasma components. For larger
separations, its amplitude should saturate and become independent from the beam
separation,

e its saturation value at large beam separation should correlate with cos(4wnoX ;/
Aprobe ), 1.€. its amplitude should be included between 0 and 1,

e its phase can have any value in the first one or two micrometers but should be
equal to 0° or £180° for larger separations.

Any other behavior would be in conflict with Eq. (7.3). Interestingly, this provides a
verification procedure for the safe use of the developed X ; determination technique.

Let us apply this technique to the CVD12 matrix, the offset curves of which
are shown in Fig.6.3. Based on these experimental curves, we calculate the ratio
ARBO*/ ARSUPsUIaC the amplitude and phase of which are shown in Fig.7.1a and b
respectively.

Let us first look at the behavior of the amplitude of the ratio shown in Fig.7.1a.
It can be observed that, as expected from Eq.(7.3), the curves corresponding to
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Fig.7.1 Offset curves, i.e. variation with laser beam separation, of a the amplitude and b the phase
of the ratio of the AC reflectance AR?C‘”‘ measured on p-type layers divided by the AC reflectance
ARSI meagured on a lowly doped substrate (left-hand side of Eq.(7.3)), as measured on the
CVDI12 matrix. The junction depths range from 0 to 60nm and the doping concentrations are
1.3 x 10" em =3 (dashed lines) and 6.4 x 10'® cm™3 (full lines). These active doping concentration
values are based on sheet resistance measurements and an assumed bulk mobility. All layers were
grown on lowly doped device-quality substrates, the behavior of which is shown by the thick black
line. The arrows show the trend observed when increasing junction depth

shallow junctions (<35 nm) flatten after one or two micrometer separation. Further,
the saturation value of all curves lies between 0 and 1. However, for deeper junctions,
the expected saturation is not observed, invalidating Eq. (7.3). Note that the saturation
behavior of all curves can be explained by a decaying layer plasma component (see
discussion of the accuracy in Sect.7.1.1.2). In conclusion, from the behavior of the
amplitude of the ratio, it seems that the technique could only be applied successfully
to sub-35nm junction depths.

The behavior of the phase of the ratio shown in Fig. 7.1b confirms the observations
made on the amplitude. The phase of the ratio is indeed ~0 for ultra-shallow layers,



7.1 Model-Free Determination of Junction Depths 145

independently from the doping concentration in the layer. However, for deeper layers,
we observe that the phase goes down to —180° but never reaches that value. This
behavior is also a consequence of the presence of a non negligible layer plasma
component.

In other words, the verification procedure is only validated in a few cases, which
tends to indicate that the technique may lead to erroneous junction depth values.
To confirm this statement, we compare the TP absolute junction depths, as derived
from this technique, to the values measured with SIMS on the CVD12 and CVD13
matrices. We, in particular, use the value of the ratio at 4 um separation to obtain the
results shown in Fig. 7.2. The correlation is acceptable for the ultra-shallow samples
(X; < 20nm), i.e. for the layers which complied with the verification procedure.
For deeper layers, however, the correlation is quite poor. In the next sections, we
further discuss the correlation observed in Fig. 7.2 and determine whether the lack of
correlation is due to a low precision (Sect. 7.1.1.1) or a low accuracy (Sect.7.1.1.2).

Let us make two final remarks about the results shown in Fig. 7.2. First, as already
pointed out by Eq.(7.4), the technique cannot distinguish between a junction depth
X and [Aprobe/(2no) — Xj1. In Fig.7.2, we have therefore used the known SIMS
junction depth to decide which formula to apply (see the two different zones separated
by the vertical dotted line). Second, in order to derive a value of the junction depth,
we have assigned a positive sign to the amplitude of the ratio when the phase of
the ratio is included between 0 and —90° and a negative sign when it is included
between —90 and —180°. Only then can a value of the TP absolute junction depth
be derived from formulas (7.4). Note that this questionable definition of the sign is
only needed because the experimental data do not comply with the safety check.
Equation (7.3) indeed predicts that the ratio A RB*/ARSUPsIa® should be real so
that the sign definition should be automatic.

7.1.1.1 Precision

Based on the signal repeatability oo g,, = 7x 107 (a.u.) calculated in Appendix A.2,
let us determine the precision ox; of the technique. This requires the following
derivation

X

X = | arm | (e
d W A Rgcubstrate

_ Aprobe
4mng }sin(47moXj/?»probe)‘

d ARB™
X SARECOX ARECubstrate

Box
d AR
IA Rgcubstrate A Rgcubstrate

OAR, + ‘ GARaC]
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Fig. 7.2 Correlation between the TP absolute junction depths derived from Eq. (7.4) and the SIMS
junction depths for the CVD12 and CVD13 matrices, i.e. five sets of B-doped CVD box-like profiles
with active doping concentrations ranging between 1.2 x 10! and 6.4 x 10'® cm~3 (active doping
concentration values based on sheet resistance measurements and an assumed bulk mobility). The
correlation is acceptable for ultra-shallow junctions but poor for deeper layers. The thick black line
corresponds to 100 % correlation. The vertical dotted line indicates the separation for the application
of Eq.(7.4a) (left) or (7.4b) (right)
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4mrng \Sin(4ﬂn0Xj/)\probe)| ( | ( 0 j/ probe)|)

where o5 gBox / gsubsuaey 18 the cumulated precision of the subscripted ratio. The
resulting precision of the determined junction depth is shown in Fig. 7.3 as a function
of junction depth. Sub-nanometer junction depth precision is observed for almost all
junction depths, except around 0 and 44 nm, i.e. around the extrema of Eq.(7.3). In
other words, it can be concluded that the poor correlation with SIMS is not due to
random errors.

It is important to note that, as a consequence of the presence of the substrate signal
in Eq. (7.5), the precision drops with beam separation as can be observed from the
comparison of the curves respectively obtained with coincident beams and with a
4 wm beam separation. Nevertheless, the precision remains very satisfactory even
with a 4pum beam separation.

7.1.1.2 Accuracy

Since the random error proves to be low, it can be expected that the poor correlation
of Fig.7.2 is explained by systematic errors, i.e. a low accuracy. As a verification
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Fig. 7.3 Variation as a func-
tion of the junction depth ox, (nm)
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of this statement, the residual [A REX (1) / A RSWSUate (1) — cos(4mrng X j/Aprobe)] of
formula (7.3) is shown for all the layers of matrices CVD12 and CVD13 in Fig.7.4,
where it can be observed that the residual follows a cosinusoidal behavior. Further,
the amplitude of the observed cosine decreases with increasing doping in the layer.
The corresponding phase, however, proves to be close to zero. Note that the noise
observed on the phase for sub-10nm layers is due to the low magnitude of the residual
(phase is indefinite if residual is zero) and should not be understood as a large error.

From these observations, it is actually fairly simple to prove that the systematic
error is due to the presence of a non negligible layer plasma component. Indeed,
taking the ratio of Eqs. (6.10) and (6.8) and considering the layer plasma and thermal
components as second-order effects, we obtain

ARG (r)
ARaSélbstrate (r) — cos(4noX j/Aprobe)
AN (r) = g2 AT ()
~~ B/ me+1/my) - 005(4”’10Xj/)»pmbe)], (7.6)

ANgup1(r)

where we immediately recognize the cosine behavior followed by the amplitude
of the residual shown in Fig.7.4a and b. Note, furthermore, that the layer plasma
and thermal components can be discriminated from the behavior of the phase of the
residual in Fig. 7.4c and d, which indicate a dominant layer plasma component (phase
~0). The phase of the residual would be around 180° if the thermal component were
dominant.

In summary, the low correlation with SIMS is due to a limited accuracy induced
by the non negligible presence of the layer plasma component even at a 4 um beam
separation. Note that the comparison of Fig.7.4a and b confirms that the decay
length of the layer plasma and thermal components is shorter than that of the substrate
plasma component. However, according to the observed decay in A RB%% / A RSubstrate.
approximate calculations show that a laser beam separation of 20-30 wm would be
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Fig. 7.4 Variation as a function of the SIMS junction depth in the (fop) amplitude and (bottom)
phase of the residual [A RB® () / A RSUSU3€ () — cos (4110 X j / Aprove)] of Eq. (7.3) in case of (leff)
coincident beams and (right) a 4 um beam separation. The behavior of the residual is due to a non-
negligible layer plasma component, even at a 4 um beam separation. This leads to a large systematic
error. The black interrupted line indicates the behavior of the function [1 — cos(4mnoX j /Aprobe)]

needed for AN;1/ANg,p1 to be less than 10 %. At these separations, however, the
substrate injection is so low that the technique precision would be unacceptably
reduced, even if higher pump irradiances were used. We, therefore, believe that,
unless a method is found to reduce the decay length of the layer plasma component,
this absolute junction depth determination technique is bound to remain inaccurate.

Note that the technique could have been promising when applied on highly acti-
vated implanted layers (lower amplitude and shorter decay length of the layer plasma
component) but unfortunately it cannot be extended to annealed implanted layers due
to the impossible isolation of the substrate plasma component (integral convolution)
in Eq. (6.17c).

As a final remark, note also that a similar technique can easily be developed to
measure relative junction depths, as we do in the next section. The difference with the
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theory presented here is that the reference measurement (denominator of Eq.(7.3))
is measured on another doped layer of known junction depth [1]. We, however, do
not discuss this other technique since the conclusions reached would be very similar
to the ones of the present section. In particular, low accuracy is achieved with the
current experimental setup of the TP tool.

To conclude, offset curves can, in principle, be used to determine the junction
depth of box-like profiles with a sub-nm precision almost independently from the
junction depth. The accuracy of the technique, as applied with the TP630XP tool,
however, is poor. An improvement should result from a larger beam separation, at
the expense of a reduced precision. The combination of a high precision and a high
accuracy would require a more efficient way to reduce the layer plasma component.

7.1.2 Relative Determination of Junction Depths

Based on the conclusions of the previous section, it appears that one needs to find
another approach to get rid of the thermal and layer plasma components. In this
section, we propose an alternative technique which, though less flexible, proves to
be in excellent agreement with SIMS. Further, all measured layers are compliant with
the verification procedure which this technique also offers. This, very interestingly,
allows us to check some of the assumptions we have made so far.

In order to cancel the thermal component, rather than dividing AREX by
ARSUSTAC Jike in Sect.7.1.1 above, we here propose to subtract them. Given the
layer-independence of the fundamental modes of the excess carrier and temperature
distributions in the substrate, this gives

RBox (r) Rgcubstrate (r) —

Ro 1 1
Foexp(=ifp)B | — + —
no 1 Me mp

X[ANsup1(r) — AN (N][1 — cos(4noX j /Aprobe) 1, (7.7)

where, importantly, the prefactors of the substrate and layer excess carrier concen-
trations are now the same. An extra measurement ARRCf (r) on another doped layer,
with the same active doping and with a known junction depth XRf, suffices to can-
cel the layer plasma component. In particular, we apply Eq. (7.7) respectively on the
unknown layer and on the reference layer and calculate their ratio, which yields

ARBO*(r) — ARSY™™e(r) 1 — cos(4mnoX j/Aprobe)

= , 7.8
RRef(r) Rscllbstrate(r) 1— COS(471’n()X$ef/)mebe) ( )

where the only remaining unknown is the junction depth X ;. Limiting the study to
sub-88 nm junction depths, we have
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A .
X; = Zprobe o recos [1 - (1 - cos(4ﬂn0XRet/Aprobe))

47 ng J
AR;BCOX(’,) _ ARgcubstrate(r)
ARECef(r) _ ARgcubstrate (r)

A
if X; < 2P~ 44nm (7.92)
no

A A
X; = %;’e - ﬁ arccos [1 - (1 - cos(4nnoX§ef/)mebe))

ARZI?COX (r) _ ARgcubstrate(r)
ARallQCef(r) _ ARgcubstrate (r)
)\probe

Aprob
&%44nm<Xj§
no 2ng

if ~ 88 nm. (7.9b)
We call the values obtained using Eqgs. (7.9a) and (7.9b) the TP relative junction
depths.
A verification procedure can be derived from Eqgs.(7.7) and (7.8). In particular,
the following experimental behavior is expected:

e the amplitude of the ratio calculated from the left-hand side of Eq. (7.8) should be
independent from the laser beam separation,

e the phase of the difference calculated from the left-hand side of Eq.(7.7) should
be independent from the layer since only plasma components contribute to this
expression. As a consequence, the phase of the ratio calculated from the left-
hand side of Eq. (7.8) should be equal to zero, independently from the laser beam
separation.

Notice that, contrary to the technique developed in the previous section, the absolute
value of the ratio can have any value, according to the reference junction depth X Ref,
Let us apply this technique to the layers of the CVDI12 matrix, the offset curves
of which are shown in Fig.6.3. A different reference sample is needed for each
doping concentration. The CVD12 matrix is composed of two sets of layers with
two different doping concentrations. For each, we choose the samples with a SIMS
junction depth close to 44nm and justify our choice in Sects.7.1.2.1 and 7.1.2.2
below. The application of Egs. (7.7) and (7.8) gives the behavior shown in Fig.7.5.

Let us first discuss the behavior of the amplitude of the differences and ratios,
respectively shown in Fig.7.5a and c. First, as expected, the amplitude of the ratio
is independent from laser beam separation on almost all measured samples. Second,
since X ?ef ~ 44 nm, i.e. the reference junction depths are very close to Aprobe/ (410),
it is easy to recognize the non-monotonic cosine behavior. In this specific case, the
amplitude of the ratio should indeed be included between 0 and 1.

Concerning the phase of the differences and ratios, shown respectively in Fig. 7.5b
and d, their behavior is also in excellent agreement with our verification procedure.
First, the phase of the difference is the same for almost all layers. Besides, the plasma
wavelength is easily recognized in the lateral behavior (A§7 '~ 100 pwm, Fig.4.14f).
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Fig. 7.5 Offset curves, i.e. variation with laser beam separation, of (left) the amplitude and (right)
the phase of (top) the left-hand side of Eq.(7.7) and (bottom) the left-hand side of Eq.(7.8), as
measured on the CVD12 matrix. The samples with a SIMS junction depth close to 44nm have
been used as references (thick orange lines). The junction depths range from O to 60nm and the
doping concentrations are 1.3 x 10" cm—3 (dashed lines) and 6.4 x 10'° cm™3 (full lines). These
active doping concentration values are based on sheet resistance measurements and an assumed bulk
mobility. All layers were grown on lowly doped device-quality substrates, the behavior of which is
shown by the thick black line. The arrows show the trend observed when increasing junction depth
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Fig. 7.6 Correlation between the TP relative junction depths derived from Egs.(7.9a) and (7.9b)
and the SIMS junction depths for the CVD12 and CVD13 matrices, i.e. five sets of B-doped CVD
box-like profiles with active doping concentrations ranging between 1.2 x 10'° and 6.4 x 10'° cm =3
(active doping concentration values based on sheet resistance measurements and an assumed bulk
mobility). For each doping concentration, the reference sample has XR¢f ~ 44 nm, as highlighted by
the dotted box. The correlation is very good though a small deviation remains, especially noticeable
on sub-20nm junctions. The thick black line corresponds to 100 % correlation. The vertical dotted
line indicates the separate regions where respectively Eq. (7.9a) (left) and Eq. (7.9b) (right) are used

Note that, owing to the normalization phase 6, the phase for coincident beams is
about —60°, which is different from the 7° phase of the plasma wave calculated in
Fig.4.14e (6p =~ —60° + 7° ~ —53°). Second, the phase of the ratio is equal to zero
independently from laser beam separation on almost all the layers. The noise and
error observed on shallow layers is simply due to the fact that the phase of a complex
number with an absolute value close to zero is indefinite.

The perfect agreement between these experimental observations and our theoreti-
cal expectations shows that the technique is very likely to work. This is confirmed by
Fig.7.6 showing the excellent correlation between the TP relative junction depths,
as obtained from Egs.(7.9a) and (7.9b) using the data for coincident beams, and
the SIMS junction depths of all the layers of the CVD12 and CVD13 matrices. The
quality of the observed correlation is further discussed in Sects.7.1.2.1 and 7.1.2.2
where we respectively look at the precision and accuracy of the technique.

As an important final remark, we would like to point out that the agreement
between all these experimental observations and our theory gives us the opportunity to
confirm some of the assumptions underlying our theory. First, the behavior observed
in Fig.7.5b shows that the fundamental mode of the excess carrier concentrations
ANgup, and ANy respectively in the substrate and in the doped layer have the same
phase and wavelength. Further, it also shows that the fundamental mode ATj of the
temperature distribution is fully independent from the doped layer. Second, the flat
offset curves in Fig.7.5¢ show that the position of the probe beam during an offset
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curve measurement has a negligible impact on the value of A R,. It also confirms the
infinite abruptness of the interface (see Sect.7.2.1 for dependence of offset curves
upon abruptness). Third, the independence from the doped layer of the fundamental
mode A Njy,p1 of the excess carrier in the substrate is a necessary condition for the
behavior observed in Fig.7.5b and c. Finally, as discussed in Sect.7.1.2.2 below,
the excellent correlation observed in Fig. 7.6 is also a confirmation of the negligible
magnitude of the electroabsorptive BGN effect.

7.1.2.1 Precision

Based on the signal repeatability oag, = 7 X 1074 (a.u.) determined in
Appendix A.2, we would like to calculate the precision oy ; of the technique. This, in
particular, allows us to determine whether random error can explain the small devi-
ations observed in the correlation plot of Fig.7.6. The precision can be calculated as
follows

0X;
UXj = W o AR?CQX _ ARSgbstrate
A RRef _ A RSubstrate Ref Substrate
a a ARac - ARac
)\probe 1 OARac

Ao [sin(4mnoX j/Aprobe) | 11 = ANi1/ANgupi| | ARSI
L cos (470 X8 /A probe) — cos(mn0X j /Aprobe)|
[1 = cos(dmnoX " /Aprone) Il — ANi1/ANgupi|

1 — COS(4JTn0Xj/)\'pr0be) :| (7 10)

1-— COS(4ﬂn0X$ef/)\probe)

where o7 (s gBox _ A gSubstratey /(A RRef — A RSubstratey] 18 the precision of the ratio in subscript.
The resulting technique precision is shown as a function of junction depth in Fig.7.7
for three different values of the reference junction depth X ?ef (15, 30 and 44 nm) and
two different values of the injection ratio AN;;/ANs,p1 (0 and 0.5 corresponding
respectively to ultra high doping and moderate doping). In the case studied here,
i.e. X?ef ~ 44nm and AN;1/ANgp1 =~ 0.5, the precision is sub-nanometric for
junction depths included between 5 and 39 nm as well as between 49 and 84 nm.

Figure 7.7 also underlines the importance of a well chosen reference layer. The
ideal XR°f is close to 44 nm, which justifies the choice we have made in this study.
A change in this value can be very detrimental to the technique precision.

In conclusion, though some precision has been lost compared to the technique
studied in Sect.7.1.1, the small deviations observed in the correlation of Fig.7.6
cannot be explained by random errors.
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Fig.7.7 Variation as a function of the junction depth in the precision oy ; of the TP relative junction

depth determination technique for three different values of X ?ef and two different values of the

injection ratio AN;j / A Ngyp1 . Aligned beams are assumed. For the case studied here (XRef ~ 44nm
and AN;;/ANsup1 ~ 0.5), a sub-nm precision is achieved for all depths included between 5 and
39nm and between 49 and 84 nm

7.1.2.2 Accuracy

To verify whether systematic errors on the derived TP relative junction depths are the
cause for the small deviations observed in Fig. 7.6, we need to identify the different
possible sources of error. First, modeling errors could induce the deviation. Second,
the propagation of a possible error in the characterization of the reference sample
could also explain the deviation.

First, let us start the discussion by showing that no modeling error is expected to
affect the developed technique. The TP relative junction depths have been derived
using Eqs. (7.9a) and (7.9b), which only involve the dependence of the reflectance
perturbation on the junction depth. This dependence has been initially derived in
Chap. 2 and is based on three assumptions. First, the presence of a native oxide at
the interface between silicon and air has been neglected. Section2.5.1 indeed shows
that the impact of the presence of a native oxide is negligible. Second, Sect.2.5.2
shows that any abrupt lateral variation in reflectance perturbation could modify the
integrated perturbed reflectance as measured by a laser with finite radius. However, as
adirect consequence of the division in Eq. (7.8), the impact of the integration vanishes
in this equation. Finally, the BGN electrooptical effect has been neglected. Yet, its
consideration would induce a small shift in the TP relative junction depth. However,
Sect.3.2.2 has shown that this effect is not expected to be significant. Besides, as
shown in Appendix A.6, it would systematically shift the TP relative junction depth
towards deeper values. In summary, we do not believe that the observed deviation is
due to a modeling error.
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Second, it can be expected that the accuracy depends strongly on the reference
sample. In this section, we investigate how sensitive the technique is to any error on
the values of the junction depth or the active doping concentration of the reference
sample. Interesting recommendations for the reference sample can be derived from
these results.

Let us first discuss the sensitivity of the technique to an error on the junction depth
X ?ef of the reference sample. Let us suppose an error € xiet is made on this value. As

a result of the error propagation, the error egl(ejp '

junction depth is

h made on the value of the TP relative

depth _ | 90X

= |——= | €Eyref
X axier | X7

| sin(47no X" /Aprobe)| 1 — cos(4mnoX j/Aprobe) i
= - € yref . .
1 — COS(47Tn0X;-ef/)\.pr0be) | Sm(47TnOXj /)\probe)| X5

The resulting error is plotted as a function of junction depth in Fig.7.8 for three
different values of X Ifef (15, 30 and 44 nm). It can be observed that, if X ?ef = 44nm,

the error made on the value of X?ef has no impact whatsoever on the accuracy of
the determine TP relative junction depth. An error made on the value of X ?ef can,
however, be very problematic if another X }{ef is chosen. In other words, besides the

high precision a 44-nm X }.{ef offers, it also ensures a high accuracy. This is the second
justification for choosing our reference samples in this depth range.

Let us now investigate the sensitivity of the technique to an error on the active dop-
ing concentration of the reference sample. Though the flat offset curves of Fig.7.5¢
tend to show that this sensitivity is low, we believe it is worthwhile quantifying it. In
particular, we want to calculate the error e;(;pmg due to an error € Pﬁfing on the active

P Ref

doping concentration doping

of the reference sample, i.e.

doping __ 8Xj
x; = ref EpRet
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J
reference sample. An error on the value of the junction depth of a 44 nm deep reference sample has
no impact on the accuracy of the technique, except around 44 nm. The error, however, propagates
significantly if another reference junction depth is used

where AN, Efgo, AN, 5551 and ANll}ef are respectively the constant and fundamental
modes of the excess carrier distributions in the substrate of the reference sample and
the fundamental mode of the excess carrier distribution in the reference layer. For the
sake of simplicity of the final expression of Eq.(7.12), we have used Eq. (5.10) and
neglected the BGN effect. The presence of the ratio AN&fbfo / (P(ﬁgng) in Eq.(7.12)
explains the very low sensitivity of the technique to the active doping concentration of
the reference sample (not shown). In other words, though the reference sample should
be taken with a doping concentration as close as possible to that of the unknown
sample, Eq.(7.12) shows that deviations, even large, do not impact the accuracy
significantly.

As a final remark, note that the propagation of the error on the junction depth and
doping concentration of the reference sample have here been discussed separately.

The total error due to an erroneous characterization of the reference sample can easily
depth dopi
be calculated from \/ (e Xejp )2+ (e X‘;pmg)l

In summary, we have shown that the technique for the determination of the TP
relative junction depth has both high precision and high accuracy. In particular, the
small disagreement with SIMS of Fig.7.6 cannot be explained either by a random
error or by a systematic error of the developed technique. Note that an alternative
explanation lies in the systematic error made in the derivation of the SIMS junction
depths (Sect. 1.2.1.1). First, the presence of an oxide at the surface of the samples
leads SIMS to underestimating the junction depth, which could partially explain the
deviation (systematic error). This would also explain why the observed discrepancy
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decreases with depth since this systematic error is expected to drop with increasing
depth. Second, SIMS always underestimates the slope of profiles, which makes the
definition of the SIMS junction depth difficult in the case of a box-like profile. In
this work, the SIMS junction depths of CVD box-like profiles have been defined as
the depths at which the SIMS profiles reach a doping concentration equal to 90 % of
the peak doping concentration. We believe that, in spite of the systematic use of this
definition, it is bound to induce some error as well.

7.1.2.3 Application

Given the good correlation with SIMS, the high precision and accuracy of the tech-
nique, we believe this technique shows great promise for the non-destructive mea-
surement of relative junction depths e.g. over a whole wafer. As an illustration, we
qualitatively compare in Fig.7.9 a junction-depth map, as obtained with the intro-
duced technique, with the sheet-resistance map measured with RsL on the same
wafer (CVD12 2.2). We use the central point of the wafer as our needed reference
measurement and deduce the variation in junction depth over the wafer. Figure 7.9a
and b show respectively the obtained 49-point map of the junction depth and the
973-point maps of the sheet resistance. The shallow regions measured by TP corre-
spond very clearly to the highly resistive regions measured by RsL, which indicates
a good agreement between both techniques. Note that all 49 points of the junction
depth map comply with the verification procedure.

Though promising, this type of application where the sought X ; is very close
to X?ef has to be considered with care. First, as shown in Fig. 7.7, sub-nanometer
precision can be expected in most cases but junction depths close to 44 nm should be
avoided. Further, as noted in Fig.7.8, the accuracy of the external measurement of
the reference junction depth is critical. Typically, the error on the derived X ; remains
equal to the original error on XR°f provided the variations are not too large. To keep
both a high precision and a high accuracy, the use of the technique is recommended
on highly doped layers (>10'° cm~3) and junction depths included between 10 and
35nm.

As a final remark, note that the technique has been tested without success on
annealed implanted layers. The reason for the failure lies in the impossible isola-
tion of the substrate plasma component in the model Eq. (6.17¢), which is a critical
requirement for the developed technique.

In summary, we have developed a technique able to determine the junction depth
of abox-like profile with a sub-nanometer precision and accuracy. This method has a
high applicability potential in the uniformity test of the junction over full wafers. In
this specific case, layers with depth in the neighborhood of 44 nm should be avoided.
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Fig. 7.9 Comparison of a the junction depth measured by TP and b the sheet resistance measured
by RsL on a medium doped (1.3x10'°cm™3 in the center), shallow (15nm in the center) CVD
layer (CVD12 2.2). The color scale of each map is given on the right-hand side. The most resistive
regions also present shallow TP depths, indicating a good agreement between TP and RsL. The
TP junction depth map contains 49 measurement points (indicated by the crosses), while the sheet
resistance map contains 973 measurement points (not shown). To facilitate the comparison, the two
maps have been interpolated on the same grid. The junction depth map is obtained with coincident
pump and probe beams and using the central point for the reference measurement

7.2 Model-Based Profile Characterization Technique

The discussion in this chapter has thus far been limited to the determination of
junction depths. The ultimate objective of this work, however, is to evaluate whether,
based on TP measurements, a method for the reconstruction of complete profiles
can be developed. In other words, we are seeking a measurement technique offering
information not only about the depth of profiles but also about their active doping
concentration. Unfortunately, as it has been demonstrated, the sensitivity of ARy
to doping tends to strongly decrease in heavily doped layers. As a consequence,
AR, by itself, is not a promising candidate for full profile reconstruction, especially
considering the high active doping concentrations in modern USJs (>10?cm™3).
Though this signal gives information about the depth and, as we show below, about
the abruptness of active doping profiles, the doping information needs to be provided
by another signal. On the other hand, Ry has been theoretically and experimentally
demonstrated to have a linear sensitivity to active doping concentration (Chap. 6). It
therefore seems reasonable that the combination of A R,; and Rg. should constitute
a very promising approach for full profile reconstruction. Section7.2.1 below gives
more insight into this statement, based on a theoretical study of the profile information
which can be retrieved from both signals. Section7.2.2 then details how we have
practically implemented these ideas into a technique. Finally, typical results are
critically evaluated in Sect.7.2.3. Note that this section is exploratory and therefore
only reaches partial conclusions. We believe, however, that it gives a very bright
outlook on the possible use of TP for carrier profiling.
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7.2.1 Fundamental Principle of the Technique

Based on the theoretical understanding developed in this work, we want to show that
the combined use of AR, and R4 allows for the simultaneous measurement of the
depth, abruptness and active doping concentration of a profile.

Let us start by investigating the dependencies of the AC reflectance. On a profile
of arbitrary shape, AR, follows Eq.(6.17), which can be rewritten as

4Ry
RProﬁle( ) _ 1"0 exp(—i@o)
0 —1
1 1
x {_'3 — + — ) AN (r,z =0) + AT (r)
nme mp
surface
1 1\ T AN (r, z)
nw,z
. (m_ i m_) | R costomna iz |
0+

interface

(7.13)

In analogy with the case of box-like profiles, A R,: can be understood as the coherent
sum of two reflections. The first reflection occurs at the surface and is due to both the
surface excess carriers AN;j(z = 0) and the excess temperature A7T;. The second
reflection is the interface reflection which, in this general case, is due to the multiple
reflections occurring at each depth of the excess carrier profile (integral of Eq. (7.13)).
Figure 7.10 illustrates this analogy. More particularly, Fig.7.10a shows two active
doping profiles with different slopes and Fig.7.10b the subsequent excess carrier
profiles for two different excess carrier concentrations in the substrate (10'7 and
10'8 cm™3). The behavior of the integrand of Eq.(7.13) is shown in Fig. 7.10c for all
four situations. On the one hand, in the case of a box-like profile, the integrand of
Eq.(7.13) reduces to a peak at the junction,” i.e. the interface reflection is composed
of one single large reflection. Furthermore, the position of this peak is independent
from the substrate injection. On the other hand, when the slope of the profile is
finite, the multiple reflections at the interface broaden the peak. The position of the
maximum of this peak, i.e. the maximum interface reflection, can be understood as
the depth A R, is sensitive to.

As can already be observed in Fig.7.10c, in the case of a profile with a finite
slope, the maximum interface reflection moves according to the substrate injection.
This can be proven mathematically as follows. Neglecting the cosine envelope of
the integrand, the position zj,x of the maximum interface reflection can be defined
as the position at which the excess carrier profile is the steepest, i.e. an approximate

2 Note that the absolute height of the peak shown in Fig.7.10 is irrelevant since it depends on the
discretization of the depth scale. For completeness, the results shown in figure assume a 0.01 nm
step size.
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Fig. 7.10 a Comparison of a profile of infinite slope, i.e. a box-like profile (black) with a profile
of finite slope (blue). b Subsequent excess carrier profiles when the substrate carrier concentration
is of 1017 em™3 (interrupted lines) and 10'8 cm™3 (full lines). The colors correspond to the active
doping profiles of (a). ¢ Behavior of the integrand of Eq. (7.13) for the four excess carrier profiles
of (b)

value of zmax can be found by solving the following implicit equation

2AN;1(2)
azz |Z:Zmax

az[Pdoping(Zmax)/ANsub]
972

{ B[Pdoping(lmax)/Aqub] }2
9z

1 1
\/4 + szoping(zmaX)/ANxzub \/1 + 4ANs2ub/szoping(ZmaX)

El

(7.14)

where we have made use of Eq. (5.8) assuming Bolzmann statistics and neglecting
BGN. Though Eq.(7.14) may seem complex, it simply signifies that the depth of
the maximum interface reflection depends solely on the function Pyoping(2)/ANsup
and its derivatives. For a better understanding of the meaning of this equation, let
us take the example of an active doping profile decaying with an exponential tail, as
defined e.g. in Eq. (7.16) below. In this particular case, using Eq. (7.14), the maximum
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interface reflection occurs at a depth zyax such that

Paoni =
doping (2 = Zmax) =/2(=1+ ﬁ) ~1.57, (7.15)
ANgyp

i.e. the maximum interface reflection comes from the depth where the doping con-
centration is 1.57 x ANy,;. From this result, it is correct to extrapolate that the
maximum interface reflection always originates from a depth where the doping is
commensurate with the substrate injection, independently from the profile itself.
Note that the particular value obtained in Eq. (7.15), however, cannot be generalized
to all profiles since the profile derivatives are involved into Eq. (7.14).

In conclusion, our theory shows that A R, is sensitive to the depth at which the
active doping profile reaches a concentration of the order of the substrate injection.
This has two important implications. First, it means that, in our TP measurements,
ARy is only sensitive to the moderately doped region of the profile. Second, if the
injection level can somehow be changed, the position of the maximum interface peak
is shifted accordingly, i.e. part of the profile is scanned. This explains the sensitivity
of offset curves to the abruptness of the profiles, as a direct consequence of the lower
carrier injection when moving away from the pump beam.

Concerning the DC reflectance Ryc, contrary to A Ry, Eq.(6.17a) shows that it
is mostly sensitive to the highly doped region of the profile. It is therefore fairly
easy to understand that Ry fixes the peak doping concentration based on the depth
and abruptness determined by AR, in the moderately doped region of the profile.
This is illustrated in Fig.7.11, which summarizes the principle of the technique. It
is important to mention that, since A Ry is blind to the region of the profile situated
above a 10! cm ™3 doping concentration, the peak concentration determined by Ry
depends on the assumed shape of the profile in that particular region. This causes a
uniqueness problem, which already underlines the importance of the quality of the
assumed profile shape. This issue is further discussed in Sect.7.2.3.3

7.2.2 Implementation of the Technique

Based on the theoretical considerations of the previous section, we have developed
a technique which, practically speaking, follows this four-step procedure:

e a substrate measurement is run, i.e. a measurement on a sample presenting no
doped layer but having undergone the same process flow as the sample under
investigation. For instance, in the case of an annealed implanted layer, the substrate
measurement is run on a region of the sample which has received no dopant implant
but has been preamorphized (if relevant) and annealed exactly like the doped
sample under investigation. This measurement yields A RSUST€ offset curves
and RSubstrate

dc ’
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e our model for the AC reflectance on homogeneous samples is fitted to the exper-
imental ARSIt offset curves like in Sect.6.2.1. This determines the excess
carrier distribution in the substrate, i.e. A Ny,»0(r) and A Ng,p1(r), and the excess
temperature AT (r),

e aprofile measurement is run on the sample to be characterized. This yields A RE™file
offset curves and Rgg"ﬁle,

e our model for the AC and DC reflectances on non-homogeneous samples is

fitted to the experimental AR}:C“’ﬁle offset curves, using the previously deter-
mined ANgupo(r), ANgup1(r) and ATi(r), and to the experimental ARy =
Rggoﬁ]e _ Rgélbstrate'
It is important to mention that, as explained in Sect. 7.2.1, our measurements offer
limited information. Consequently, some constraint on the profile shape has to be
imposed (maximum three fitting parameters). In the case of annealed implanted
layers, box-like profiles with an exponential tail are a good guess (see e.g. Fig. 1.4),
ie.

Pdoping(Z) = Npif z < Xest
= Ny x 10~ X0/ A i 7 = X, (7.16)

where N is the peak active doping concentration of the profile, Xy is the depth
at which the profile starts to decay and A is its abruptness (nanometer/decade).
The fitting algorithm determines Ny, X5 and \A.

Note that the fitting is based on a Levenberg-Marquardt algorithm [2] (minimization
of the least-square error).

An important remark concerning the substrate measurement must be made. The
technique relies on the substrate measurement for the determination of the sub-
strate plasma and thermal components. As a consequence, the substrate measurement
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must be carefully monitored. Generalizing Eq. (7.7) to arbitrary profiles, a verifica-
tion procedure can be used to make sure that the substrate measurement meets the
requirements, i.e. ANgyup0(r), ANgup1(r) and ATy (r) are the same in the substrate
and profile measurements. In our verification procedure, the substrate measurement
A RSUDSTA (1) jg subtracted from the profile measurement A RE™f1¢(;) measured on
the unknown doped profile. Since the result of this subtraction should eliminate the
thermal component, the phase and wavelength of the plasma wave should be recog-
nized. This is illustrated in Fig.7.12 for samples IIB-D07. The plasma phase and
wavelength can be identified in Fig.7.12d for all layers except the lowest annealing
temperature, underlying the thermally dominated behavior of the latter. The technique
can safely be used on the other samples since they comply with theory. Interestingly,
this also shows that the impact of the boron-implantation-induced damage on the
plasma and thermal components is negligible (after anneal).

7.2.3 Discussion of the Results

As can be seen by the multiple fitting algorithms involved in the technique procedure
described above, an essential difference with respect to the techniques developed
in the previous sections of this chapter is that we here rely fully on our model. We
have demonstrated that the dependence of AR, and Ry upon X; is accounted for
with a high accuracy. Unfortunately, we have also seen that the modeled variations
in both signals with doping concentration require further improvement. More par-
ticularly, it has appeared from our study that the separate fitting of Rgc and ARy
data on the CVD12 and CVD13 matrices leads to different active doping concentra-
tions (Fig.6.4). As a consequence of this disagreement, it can be expected that the
combined fitting of AR,: and Ry. data does not converge. However, at sufficiently
high doping, the disagreement between both signal modeling should be reduced as
a consequence of the vanishing sensitivity of A R, to doping. In other words, given
the current status of our model, the technique can only be tested on highly doped
layers (>1020cm™3). It is important to note that this is nor a limitation due to the
fundamental principle of the technique itself, but to the inaccuracies of our current
model.

Taking the last comment into account, the present analysis only looks at
B-implanted layers laser annealed with a high temperature. In particular, this section
concentrates on the results obtained for samples IIB-D0O5TS5, IIB-DO7T5 and 1IB-
D13T5. These three samples have received the same B implant (energy = 0.5keV,
dose =101 cm~2) and anneal (laser annealed three times at 1,300°C) but different
Ge preamorphization implants (PAI), i.e. respectively (SkeV, 10 cm™2), (S5keV,
5 x 10 cm=2) and (20keV, 10 cm~2). The discussion of these three samples is
sufficient to reach our final conclusions, which prove to be valid for all the other
samples of matrix IIB.

The fitted curves for IIB-DO5STS, IIB-DO7T5 and IIB-D13T5 are shown in
Fig.7.13a and b for the substrate measurement and (c) and (d) for the profile measure-
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Fig. 7.12 Offset curves, i.e. variation with laser beam separation, of a the amplitude and b
the phase of the AC reflectance ARP™M ¢ the amplitude and d the phase of the difference
[ARProfle () — ARSI ()] as measured on samples IIB-DO7, i.e. five layers implanted on
the same substrate with B (0.5keV, 103 cm~2?) after a Ge preamorphization implant (5keV,
5 x 10'*cm™2) and laser-annealed three times at 1,150°C (blue), 1,200°C (light blue), 1,225°C
(green), 1,250°C (brown) and 1,300°C (red). The arrows show the trend observed when increas-
ing the annealing temperature. The behavior of the phase and wavelength of the plasma wave are
recognized in d for the four highest annealing temperatures, which ensures that the technique can
safely be used on these samples

ment. Itis clearly observed that the theoretical curves nicely fit the experimental data.
The so-called TP profiles obtained from the fitted data are shown in Fig. 7.13e together
with the SIMS profiles measured on the three samples. The SSRM profile measured
on sample IIB-DO7T5 has also been added (assumed mobility is 100cm? V~=!s1),
The TP profiles have been obtained in less than 30 min (20-min measurement and
<10-min fitting). On average, the quantitative agreement between the TP and active
SIMS (and SSRM) profiles is acceptable since the average deviation on the derived
depths at a doping of 10'® cm™2 is of 3nm. The average deviation on the peak active
doping concentration is of 5 x 1018 cm™3.

However, we note the following important discrepancies. First, the TP pro-
files are deeper than the SIMS profiles. Second, TP and SIMS are in contradic-
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(red), e comparison of the TP profiles (interrupted lines) with the SIMS profiles (full lines) measured
on these samples. The SSRM profile of sample I[IB-DO7TS5 is also shown (dotted line). The active
SIMS doping concentrations of [IB-DO5TS5, IIB-DO7T5 and IIB-D 13T5 are respectively 1.71 x 102,

1.80 x 1020 and 1.80 x 10%2° cm~3 (not shown)
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tion when it comes to the relative depths of the three profiles. SIMS measures
IIB-DO05T5 shallower than IIB-DO07TS5, itself shallower than IIB-D13T5. TP mea-
sures exactly the opposite behavior. Note already that this disagreement is quite
unexpected since the decrease in | A RF™| from sample IIB-DOSTS down to IIB-
DO07T13 (Fig.7.13c) tends to indicate a behavior in agreement with SIMS. We inves-
tigate below whether these discrepancies are due to a precision problem inherent
to the technique (Sect.7.2.3.1) or to an accuracy problem due to the modeling error
(Sect.7.2.3.2). Finally, in Sect. 7.2.3.3, the uniqueness of the TP profiles is discussed.

For completeness, as shown in Fig.7.13, only the amplitude of A RF™ is fitted.
The phase has indeed been ignored in our fitting algorithm. This is an acceptable
approximation for shallow layers where the phase mostly indicates the importance
of the thermal component. In this study, the determination of the thermal component
is taken care of by fitting the substrate measurement, where the phase is of extreme
importance and therefore taken into account (Fig.7.13b). It can be checked that the
experimental phase and the theoretical phase after fitting of the profile measurement
are in acceptable agreement.

7.2.3.1 Precision

In order to assess the precision of the developed technique and determine whether the
discrepancies observed in Fig.7.13e are due to random errors, we use the following
iterative Monte-Carlo approach. First, at each iteration, we simulate noisy data by
adding random noise on top of our experimentally measured data. The noise on
the measured A RE™f and RFTOfle j5 agsumed to follow a normal distribution, the
standard deviation of which is given by the signal repeatability, i.e. respectively
OAR, =7 x 107* (a.u.) and o, = 5 x 107® (Appendix A.2). To take all possible
random errors into account, noise is also added on the substrate measurement data,
i.e. ARSUbsUaC yng RIUPSTAC Second, the simulated noisy curves are plugged into
our fitting procedure described in Sect.7.2.2. The fitting values of the three profile
parameters No, X5 and A are recorded along the iterations.

Limiting our study to 50 iterations, we obtain the measurement probability distri-
butions shown in Fig.7.14. The respective precisions oy, 0x,,, and o 4 of the three
profile parameters Ny, X and A are defined as the standard deviations of their
respective distributions. It can be observed that all three parameters are determined
with very high precision. It can also be noted that the peaks of X in Fig.7.14b
are clearly separated. As a conclusion, random errors cannot explain the discrepancy
between the TP and SIMS profiles observed in Fig.7.13e.

7.2.3.2 Accuracy

Since the technique proves to determine the profile characteristics with a high preci-
sion, it can be expected that the discrepancies between the TP and SIMS profiles are
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Fig. 7.14 Measurement probability distributions, as obtained from Monte-Carlo simulations, of
the three profile parameters i.e. a the peak active doping concentration Ny, b the depth X at
which the profile starts to decay and c its abruptness .A. The narrow peaks show that the developed
technique determines all three fitting parameters with very high precision

due to systematic errors and, in particular, to the inadequate accuracy of our model
to account for the active doping dependence of the signals.

To prove this statement, we show in Fig.7.15a the comparison of peak active dop-
ing concentration Ny obtained from our measurement technique with the peak active

doping concentration N, glef,}(s obtained from SIMS and sheet resistance measurements

(bulk mobility assumed). Figure 7.15b shows the comparison of the depths X %,1019

and X gl{,?slg at which respectively the TP and SIMS profiles reach a concentration of

10" cm~3. Finally, Fig.7.15¢ compares the abruptnesses .4 and A?Hlv(l)slg of respec-

tively the TP and SIMS profiles (value taken around a 10'° cm™3 concentration). To
underline the sensitivity of the obtained results to the modeling error, we compare
the results as obtained with our current model with three modified models, each of
which tests the impact of the modeling errors which have been underlined in Sect. 6.3.
In particular, Model II shows the impact of a 30 % greater electrorefractive effect,
to counteract the observed underestimation of this effect (Sects.6.3.1 and 6.3.2.1).
Model IIT assumes a doubled modulated irradiance of the pump laser to account
for the underestimated excess carrier concentration in the substrate (Sect.6.3.2.1).
Finally, model IV reduces the layer injection, to counteract the overestimated sen-
sitivity to the active doping concentration in the layer (Sect.6.3.2.2). In particular,
the latter model assumes that the constant mode of the excess carrier concentration
in the substrate ANy, p0 is equal to 2| A Ny,p1| (lower limit for ANy,0). The values
used for each of these models are obviously discussable. We believe, however, that
they give a good feeling of the impact of the different modeling errors.
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Fig. 7.15 TP versus SIMS profile characteristics and their sensitivity to modeling errors. a Com-
parison of the peak active doping concentration Ny with the SIMS peak doping concentration Nglef,[ks
obtained from sheet resistance measurements. b Comparison of the depths Xl(-@Plol9 and X é@nb?slg at
which respectively the TP and SIMS profiles reach a 10'® cm™3 concentration. ¢ Comparison of

the TP and SIMS profile abruptnesses A and AS@&I{/([)S” ata 10! cm™3 concentration. For each figure,
Model II assumes a 30 % greater electrorefractive effect, Model 11l assumes a doubled modulated
irradiance of the pump laser and Model IV assumes A N,p0 = 2| A Nsypi |

Let us first discuss Fig. 7.15b comparing the depths of the TP and SIMS profiles
at a 10! cm™3 concentration. As already observed in Fig.7.13e, the TP profiles
are always deeper than the SIMS profiles. Further, the depths of the SIMS and
TP profiles are in anti-correlation, i.e. TP measures a deeper profile where SIMS
measures it shallower. It can be seen in Fig.7.15b that, though the depths of the TP
profiles vary according to the used model, none of the modified models explains
the anti-correlation. The error must therefore be found elsewhere. We believe a
likely additional modeling error lies in the substrate measurement fitting. As already
mentioned, the evolution of | A RF™f¢| in Fig.7.13c seems to indicate an evolution of
the junction depth in agreement with the SIMS profiles. However, the trend observed
in these data is also partly due to the decrease in the substrate plasma component, as
can be observed in Fig.7.13a and as expected when increasing the Ge PAI dose or
energy (increased damage). In other words, our model has to discriminate between
both effects (reduction in substrate plasma component and deeper profile), which it
does not seem to achieve accurately. This might indicate that the variations in A Ny,
and ATj with the energy and dose of the Ge implant are not properly accounted for.
Most likely, the assumed homogeneous ambipolar diffusivity and recombination
lifetime have to be blamed.

Moving on to Fig.7.15c, it can be seen that the abruptness of the TP profiles is
in good agreement with SIMS. Furthermore, it shows only limited sensitivity to the
used model. The obtained values are therefore quite robust.
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Finally, the comparison of the peak active doping concentrations in Fig.7.15a
shows that N is very sensitive to the modeling error. This can easily be explained by
the fact that Ny is fixed by Rq. after the depth and abruptness have been determined
by A R,.. Furthermore, the values of Ny are quite difficult to compare with the N, 51613/}(5
values since the latter assumes crystalline mobility. Finally, the uniqueness of the
No value is discussable as studied in Sect.7.2.3.3 below. To summarize all these
comments, the discussion of the impact of modeling error on Ny is complex and
should be considered when the depth accuracy problem is solved.

In conclusion, given the high sensitivity of the depth and active doping concen-
tration of the TP profiles to the modeling error shown in Fig. 7.15, the discrepancies
between the TP and SIMS profiles are believed to be due to modeling errors. It seems
that, besides the modeling errors highlighted in Sect. 6.3, some of the error would
also originate from the fitting of the substrate measurement (impact of Ge implant).

7.2.3.3 Uniqueness

The involvement of a fitting algorithm in the proposed measurement technique raises
the question of the uniqueness of the obtained profile. It should, therefore, primarily
be checked that the fitting procedure always converges towards the same values of the
three profile parameters Ny, X5 and .A. Given the discussion of Sect. 7.2.1, however,
itappears obvious that the obtained values of the profile parameters are indeed unique.
This can, furthermore, be checked by changing the initial guess values of the three
parameters in the fitting algorithm. The variations on the final output values are
typically of the order of their respective precisions oy, ox, ., and o 4.

Furthermore, it should also be evaluated how dependent the fitting profiles are
on the assumption of their shape. To test this dependence, we propose to compare
the TP profiles obtained for samples I[IB-DO5TS, IIB-DO7T5 and IIB-D13T5 when
respectively assuming an exponentially decaying profile (Eq. (7.16)) or a profile fol-
lowing the behavior of a complementary error function [3]. Figure7.16 compares
the obtained TP profiles for all three samples. While the obtained depths and abrupt-
nesses in the moderately doped regions are independent from the assumed shape, the
peak active doping concentrations are significantly impacted by the profile shape.

This behavior can be explained from the theoretical considerations of Sect.7.2.1.
The depth and abruptness are fixed by the AR, offset curves. Each point of the
offset curve being sensitive to a different region of the profile, the moderately doped
region of the profile is therefore defined uniquely (<10'® cm™3). The value of Rgc
is sensitive not only to the peak doping concentration of the profile but to the whole
highly doped region (>10'? cm™3). In other words, the determination of the highly
doped regions relies on one single value of Ry. which leads to the uncertainty shown
in Fig.7.16.

Note that, in order to eliminate the ambiguity, the measurement of AR, with
higher substrate injection should be considered.
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Fig.7.16 Comparison of the TP profiles as obtained from the fitting of the experimental data mea-
sured on a [IB-DO5TS5, b IIB-DO7TS and ¢ I[IB-D13T5 assuming a profile decaying exponentially
(full lines) or a profile following a complementary error function (interrupted lines). While the
depth and abruptness are unique, the peak active doping concentration depends upon the profile
shape

In summary, we have developed a fast non-destructive profile characterization
technique based on the combined measurement of A R, offset curves and Ry.. The
technique has a high precision and is in acceptable agreement with SIMS and SSRM.
It, however, suffers significantly from the modeling errors highlighted in Sect. 6.3
as well as extra modeling error induced by the fitting of the substrate measurement
(impact of Ge implant). Further, the depth and abruptness of the profiles obtained
using this technique are unique but the obtained peak active doping concentration
depends on the assumed profile shape. A higher pump irradiance should solve this
uniqueness problem.

7.3 Summary

In this chapter, we have developed three fast non-destructive techniques to derive
information about active doping profiles from TP measurements. Two of these tech-
niques are based on the use of AR, and focus on the determination of junction
depths of box-like active doping profiles. The third technique combines the use of
AR, and Ry, for the complete characterization of active doping profiles.

The first junction depth determination method, developed in Sect.7.1.1, is based
on the measurement of A R, offset curves. Equation (7.3) demonstrates that, owing
to the fast lateral decay in the layer plasma and thermal components, the junction
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depth of box-like profiles should indeed be directly accessible in AR, when the
pump and probe beams are sufficiently spaced apart. Practically speaking, however,
experimental data have shown that the layer plasma component does not decay fast
enough (Fig.7.4). As aresult, it is very unlikely that high precision and accuracy can
be reached simultaneously with this technique.

The second junction depth determination technique, developed in Sect.7.1.2, is
based on the efficient combination of the A R, measured respectively on a homoge-
neously doped substrate and on a reference doped layer. Equation (7.8) shows that
these two extra measurements are sufficient to cancel the layer plasma and ther-
mal components and therefore lead to the junction depth. The technique has been
successfully applied and, thanks to a sub-nanometer precision and accuracy almost
independently from junction depth, its agreement with SIMS is excellent (Fig.7.6).
We believe this technique has a very high applicability potential for the test of depth
uniformity over full wafers. Layers in the range of X ; ~ 44nm should however be
avoided (Figs.7.7, 7.8).

Finally, the complete profile characterization technique, developed in Sect. 7.2,
is based on the combination of the AR, offset curves and Ry.. We have proven
that this combination allows for the simultaneous measurement of the peak active
doping concentration, depth and abruptness of active doping profiles. The technique
has been proven to be highly precise but to suffer significantly from the insufficient
accuracy of our model highlighted in Sect.6.3 as well as the inaccurate modeling
of the impact of Ge-implantation-induced damage. The uniqueness of the obtained
profiles requires either an a priori knowledge of the profile shape or a higher pump
irradiance.
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Chapter 8
Conclusions and Recommendations

In this work, we have (i) developed, (ii) tested and (iii) made use of a physi-
cal model accounting for the behavior of high-frequency Photomodulated Optical
Reflectance (PMOR) on homogeneously and non-homogeneously doped silicon.
Sections 8.1-8.3 below summarize the most important results of each of these tasks.
In Sect. 8.4, we give an outlook on future work.

8.1 Development of the Model

The model has been constructed from Chaps. 2-5.

To understand PMOR, the first question to be answered concerns the physical
origin of a change in reflectance. Chapter2 has shown that a modification in the
reflectance of a sample is the consequence of the perturbation of its complex refractive
index. Very useful analytical relationships between the perturbation of the reflectance
and the perturbation of the complex refractive index have been derived. Importantly,
these expressions show that the perturbation of the reflectance depends on the depth-
profile of the complex refractive index perturbation.

Chapter 3 has explained the physical phenomena underlying a perturbation of the
complex refractive index. Though numerous phenomena can induce such a pertur-
bation, Chap. 3 has proven that only free-carrier and thermal effects have to be taken
into account. In other words, it is a change in free carrier concentration and/or tem-
perature which generates the refractive index perturbation and, hence, the reflectance
perturbation which we observe and measure. It has also been shown that only real
perturbations of the refractive index are to be expected in the framework of our inves-
tigations. A very simple final expression linking the perturbation of the real refractive
index and the excess carrier concentration and temperature has been derived.

Chapter4 has studied quantitatively how the pump and probe lasers induce the
presence of excess carriers and temperature in a homogeneously doped silicon sam-
ple. This has required deriving and solving carrier and heat transport equations. This
chapter has initially started with the complete thermodynamic model, i.e. a coupled
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system of four nonlinear time-dependent equations involving all the possible trans-
port and generation mechanisms of both free carriers and heat. These four equations
solve for the time-dependent electric-field, electron, hole and temperature distribu-
tions. An in-depth two-step analysis has allowed to strongly simplify these equations
in the specific context of our investigations, i.e. TP in silicon. First, we have shown
that the transport problem can be simplified into two equations solving respectively
for the excess carrier distribution, i.e. the equal excess electron and hole distributions,
and for the excess temperature distribution. Second, switching to the Fourier domain,
we have derived the steady-periodic form of our transport equations, i.e. the equations
solving separately for each Fourier coefficient of the excess carrier and temperature
distributions. The final coupled system of four steady-periodic nonlinear equations
solve for the constant and fundamental modes of the excess carrier and tempera-
ture distributions. These final transport equations have been solved, demonstrating
that the constant and fundamental modes of each distribution behave respectively
as decaying exponentials and damped waves. The characteristics of these decaying
exponentials, i.e. their amplitudes and decay lengths, and of these damped waves, i.e
their amplitudes, decay lengths, phases and wavelengths, have been calculated as a
function of the doping concentration of the silicon sample.

To conclude our model, Chap. 5 has extended the carrier and heat transport the-
ory to non-homogeneously doped silicon and, more particularly, to the case of
ultra-shallow highly doped layers on top of lowly doped silicon substrates. Two
approximations, as demonstrated, suffice to strongly simplify this problem. First, we
have assumed that the quasi-Fermi levels of the electrons and holes are flat through
the space-charge region. Based on this assumption, we have derived an algebraic ex-
pression linking the excess carrier profile in a doped layer to the active doping profile
in this layer and the excess carrier concentration present in the substrate region, i.e.
below the doped layer. We have shown that this approximation is valid up to very
high active doping concentrations in the layer and, as a consequence, that it can be
used independently from this concentration. Second, the excess carrier and temper-
ature distributions in the substrate have been assumed not to be impacted in any way
by the presence of the doped layer, i.e. they have been assumed to follow exactly
the theory developed in Chap.4. We have shown that this is a very good approxi-
mation for the temperature distribution and for the fundamental mode of the excess
carrier distribution. The constant mode of the excess carrier distribution, however,
has proven to be influenced by the presence of the doped layer, more particularly in
the case of highly doped p-type layers.

8.2 Evaluation of the Model

The construction of a model always requires testing against experimental data. For
this purpose, Chap. 6 has evaluated the ability of the developed model to explain
the experimental data measured respectively on homogeneously doped and non-
homogeneously doped silicon with the TP630XP tool.
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Final model equations summing up our model for R4q. and A R, have been derived
respectively for homogeneously doped silicon and box-like active doping profiles.
The model equations for Ryc show its linear variation with the active doping concen-
tration, whether or not it be uniform, and its cosinusoidal dependence upon junction
depth (when relevant). The model equations for A R, are more complex. On ho-
mogeneously doped silicon, A R, consists of two components, i.e. the plasma and
thermal components, respectively linked to the fundamental modes of the excess car-
rier and temperature distributions at the sample surface. Both components vary with
the doping concentration of the substrate but have opposite signs. On box-like active
doping profiles, AR, is composed of three components, i.e. the substrate plasma,
layer plasma and thermal components, respectively linked to the fundamental mode
of the excess carrier distribution in the substrate, the fundamental mode of the excess
carrier distribution in the layer and the fundamental mode of the temperature distri-
bution. While the substrate plasma component only varies with the junction depth of
the profile, the layer plasma component changes with both the junction depth and the
active doping concentration of the doped layer. More particularly, the dependence of
the latter component upon doping concentration drops at high doping concentration.
The thermal component is independent from the doped layer.

The quality of our model equations has been evaluated against TP measurements
run on homogeneously doped silicon and Chemical-Vapor-Deposited (CVD) box-
like profiles. Though our model has shown its ability to account with very high
accuracy for the variations in signals with junction depth, some discrepancies have
been observed on their dependence upon active doping concentration in doped layers.
These discrepancies are recapitulated in Sect. 8.4 below.

8.3 Application of the Model

Based on the developed and tested model, Chap.7 has finally evaluated the capa-
bilities of PMOR for fast and non-destructive carrier-depth profiling in silicon. Two
techniques have been developed for the determination of the junction depth of box-
like active doping profiles based on the measurement of A R,.. The first technique
relies on the measurement of the A R, offset curves, wherein A R, is measured as
a function of the probe and pump beam separation, respectively on the unknown
box-like doping profile and on a homogeneously doped substrate as found below
the doped layer. We have shown that separating the pump and probe beams should,
in theory, eliminate the layer plasma and thermal components and therefore leave
the junction depth as sole dependence. In practice, however, due to a residual layer
plasma component, this technique is very unlikely to be applicable in practice.

The second technique relies on the combination of the AC reflectances measured
on the unknown box-like profile, on a homogeneously doped substrate as found be-
low the doped layer and on a second doped layer with a known junction depth and
approximately the same doping concentration as the unknown layer. This second
technique has proven to be in excellent correlation with SIMS thanks to simultane-
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ous sub-nanometer precision and accuracy. The high accuracy of this technique is
based on the fact that the dependence of A R,; upon doping has been canceled. This
technique has a high applicability potential for the fast and non-destructive deter-
mination of the relative variation in junction depth over full wafers. Note that, very
interestingly, this application can be performed with the TP630XP tool in its current
implementation.

Last and most important of all, a model-based technique relying on the simul-
taneous fitting of A R, offset curves and Ry has been developed for the complete
characterization of active doping profiles. We have shown that AR, offset curves
are not only sensitive to the depth of profiles but also their abruptness. Thanks to the
high sensitivity of Rqc to the peak active doping concentration, as demonstrated, the
combined use of AR, offset curves and Ry allows for the complete reconstruction
of profiles. The technique has been tested on low-energy high-dose annealed B-
implanted layers with different Ge PAI conditions. The observed average deviation
versus SIMS on the depths of the profiles at a concentration of 10! cm ™3 is of 3nm.
The average deviation on the peak active doping concentration is of 5 x 10'® cm™3
(bulk mobility assumed for the active SIMS concentration). This final development
takes PMOR very close to the ideal technique sought in the Introduction of this work.
More particularly, this technique fulfills all the requirements mentioned in Sect. 1.1,
except for its accuracy, which needs further improvement due to the remaining mod-
eling errors. As a consequence, we propose to recapitulate our recommendations for
an improved accuracy of the technique in Sect. 8.4 below.

8.4 Future Work

We believe future fundamental work is needed on three aspects of our model. First,
the electrorefractive effect should be better quantified. Second, the quantitative un-
derstanding of the behavior of AR,. on homogeneously doped substrate should be
improved. Finally, the quantification of the excess carrier concentration in doped
layers should be enhanced.

Starting with the electrorefractive effect, both A R, and Ry. data have shown that
this effect is underestimated by our model. To solve this issue, Hall measurements
should be run on the CVD12 and CVD13 matrices so as to determine the actual active
doping concentrations in these layers. Combining these values to the Ry measured
on these layers would offer a direct measurement of the accurate value of dn/d P.
The generation and measurement of an equivalent matrix of n-type layers would lead
to the determination of an accurate value of dn/dN.

The work needed for the better understanding of the behavior of AR, on ho-
mogeneously doped substrate is not as straightforward and consists of two different
tasks. First, our calculations appear to underestimate the excess carrier concentra-
tion in lowly doped substrates most likely due to an underestimated band-to-band
absorption coefficient and overestimated ambipolar diffusivity. Extra work is there-
fore needed to model the variations with injection in these two parameters. Note that
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bandgap narrowing is involved in the modeling of both parameters, which highlights
the importance of the latter effect. Second, as noted in Sect.7.2.3, more fundamen-
tal work is also needed on annealed preamorphized substrates. The impacts of the
preamorphization and of the annealing should be investigated separately and better
understood. Some preliminary results are given in Appendix A.4.

Finally, an improved modeling of the excess carrier concentration in doped layers
would, first, require more accurate quantification of the bandgap narrowing effect.
Second, the inclusion of the impact of the doped layer on the excess carrier distrib-
ution in the substrate would also be required. Let us recall that a simple solution to
this last issue lies in an increase in pump irradiance (Chap.5).

As afinal word, let us discuss some of the tool modifications which could lead to an
enhanced technique. First and foremost, the technique would benefit in multiple ways
from an increased pump irradiance. First, as noted above, a higher pump irradiance
would render the substrate excess carrier distribution fully independent from the
doped layer and therefore reduce significantly the modeling errors. Based on the
comparison of Fig. 5.3a, c, it appears that an increase in pump irradiance by a factor
~?2 should be sufficient. Second, a higher pump irradiance would lead AR, to
being sensitive to the more highly doped regions of the profile. As a consequence, it
would solve the uniqueness problem highlighted in Sect.7.2.3.3. Based on Fig.7.16,
it appears that the regions up to 2 — 3 x 10'°cm™3 are still uniquely defined by
the technique. In other words, following a linear reasoning, an increase in pump
irradiance by a factor 5 should allow for unique determination of the profile in
regions doped up to ~10%° cm~3. This would strongly reduce the uncertainty on the
peak doping concentration fixed by the DC reflectance.

Second, we believe that there is little chance that a larger beam separation would
help derive more information about the profiles. Based on Fig.7.16, it seems that
the doping range which the current A R, offset curves are sensitive to goes down to
quite low doping concentrations (<10'8 cm™3). The more lowly doped regions are
not of very high interest. Besides, larger beam separations would lead to very low
signal levels, i.e. low precision.

Third, a change in the modulation frequency of the pump irradiance might lead to
some improvement of the technique. However, advantages as well as drawbacks of
lower and higher modulation frequencies can be found. Going to lower modulation
frequencies would advantageously lead to a higher carrier injection but would simul-
taneously increase the sensitivity to recombinations. A higher modulation frequency
would shorten the thermal decay length and therefore enhance the sensitivity of the
signals to the plasma components at large beam separation. However, it would also
reduce the excess carrier injection. In other words, it is difficult to evaluate which
direction should be taken.

Fourth, similar conclusions can be reached concerning the pump and probe laser
wavelengths. We here only mention the drawbacks. Concerning the pump laser wave-
length, on the one hand, its increase would disadvantageously lead to a reduced ab-
sorption coefficient, i.e. lower carrier injection. On the other hand, a shorter pump
wavelength would increase the direct heating and therefore the thermal component.
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As for the probe laser, reducing its wavelength would lead to a reduced Drude elec-
trorefractive effect and therefore lower plasma components. A longer probe wave-
length would lead to reduced sensitivity to junction depth.

In conclusion, we believe that an increase in the pump irradiance as well as the
consideration of the mentioned fundamental issues would lead PMOR to fulfilling
all the requirements for the non-destructive carrier-profiling tool sought in our Intro-
duction.



Appendix

A.1 Measurement Procedure

This Appendix introduces the procedure which we have developed for the
measurements presented in this work. In particular, in the framework of our
investigations, we have introduced two improvements to be discussed. First,
Sect. A.1.1 demonstrates that a measurement should be run for a long enough
period of time so as to have a high repeatability. Second, Sect. A.1.2 shows that, in
order to ensure the commensurability of the signals from one wafer to another, the
quality of the substrate should be very carefully monitored. As a consequence of
these two observations, every data point shown in this work corresponds to the
signal values after the pump and probe have shone on the measurement spot for
25 s. Further, all the used CVD layers have been grown on device-quality wafers.

A.1.1 Surface Charging

As already pointed out and discussed in Refs. [1, 2], the AC reflectance ARyc
varies with illumination time, leading to very poor signal repeatability. The deeply
documented and argumented conclusions of Ref. [2] demonstrate that this effect is
due to a variation in the SRV with illumination time, as a result of charge injection
into the surface oxide. In particular, at the moderate pump irradiance of the TP
pump laser, the AC reflectance is expected to increase with time, as a result of the
reduction in SRV and, therefore, of an increase in the plasma component.

These theoretical investigations are in agreement with the experimental charging
curves observed in Fig. A.laand b, i.e. the variations in the amplitude and phase of
the AC reflectance observed when measuring these signals as a function of time on
the same spot of a sample. These Figures have been obtained by measuring ARz
seven consecutive times for 100 s with aligned beams (zero separation) on a lowly-
doped n-type device-quality substrate. The pump and probe beams are shut for a
few seconds in between each round of 100 s (limitation of our measurement
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Fig. A.1 Charging curves: variation with time in a the amplitude and b the phase of the AC
reflectance measured on a device-quality lowly doped n-type wafer. A steep increase in amplitude
and phase is initially observed before both start to saturate. The sharp drop in amplitude and
phase observed every 100 s are due to the pump and probe lasers being shut every 100 s. The first
data point of each offset curve measured in this work has been recorded after 25 s and the 25th
and last one after 625 s as highlighted by the vertical dotted lines

routine), which explains the sharp drop in amplitude and phase every 100 s. Two
observations are of the utmost importance in Fig. A.1. First, the variation in signals
in the first seconds of the measurement is very steep, leading to a very poor signal
repeatability if one measures in that region. Second, the variations tend to saturate
after a certain time. This corresponds to the saturation of the SRV discussed in Ref.
[2]. However, even after 700 s, the signal is not fully saturated.

The measurement procedure we have developed is based on these two
observations. The first observation pushes us to shine the pump and probe lasers
for a certain while on the sample before actually recording the AC reflectance, in
order to maintain a high repeatability. The second observation determines after
how long we should record ARjyc. Ideally, one should measure at saturation, i.e.
after more than 700 s. However, the measurement time then becomes prohibitive.
One therefore has to compromise between acceptable measurement time and
repeatability. For the measurements shown in this work, all data points have been
obtained after shining the pump and probe beams for 25 s on the measurement
spot. This might not seem sufficient, considering the charging curves of Fig. A.1.
However, we always measure offset curves in this work. In particular, each offset
curve we have measured contain 25 data points measured with the probe
constantly shining on the same spot and the pump laser shining on a nearby spot
(maximum 4 pm away). The last data point is therefore recorded after
approximately 625 s, i.e. almost at saturation. Though the first data points of
our offset curves obviously still bear to some extent the trace of the charging effect,
this measurement procedure allows us to measure repeatable offset curves in a
reasonably short period (=10 min).



Appendix 181

(a) AR, | (a.u.)

— 0—4

0041 ___ 4 ¢
0.02 —-- 40
0.00 * -
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0

(¢)  Laser Beam Separation (pm) Laser Beam Separation (um)

|(ﬁ)]o%;g4 - AR (au.)

0.0030
0.0020

0.0010

0.0000
0.0 1.0 2.0 3.0 4.0

Laser Beam Separation (pm)

Fig. A.2 Comparison of offset curves of a the amplitude and b the phase of ARyc as measured
on a device-quality lowly doped n-type substrate when the beams are initially aligned (0 — 4) or
initially at their maximum separation (4 — 0). ¢ Amplitude of the difference between each offset
curve. The difference is of the order of the signal repeatability

To confirm this statement, we compare in Fig. A.2a and b two amplitude and
phase offset curves obtained on the same substrate following our procedure. One of
the curves has been measured starting with the beams aligned initially and
increasing their separation of 0.167 um every 25 s (0 — 4). The second offset
curve has been measured on the same spot starting with an initial beam separation
of 4 um and decreasing their separation of 0.167 um every 25 s (4 — 0). The
curves are very similar. This is corroborated by Fig. A.2c where the amplitude of
the difference of both offset curves proves to be of the order of the signal
repeatability (See Sect. A.2 below). As a final remark, note that, as highlighted by
Fig. A.2c, the signals at large beam separations are more impacted by the charging
effect. As a consequence, all our offset curves are measured from 0 to 4 pm.

In summary, our measurement procedure is as follows:

e each measured data point is acquired after shining the pump and probe beams
for 25 s on the measured spot,

e cach offset curve contains 25 points, spaced apart of a distance of 0.167 pm,

e cach offset curve is measured with, initially, aligned beams and increasing beam
separation (0 — 4).
Note that, as an additional benefit, the measurement procedure also reduces the
sensitivity of our measurements to SRV. The impact of SRV has actually not
been observed in our measurements.
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Fig. A.3 Relative wafer-to-wafer variation observed on the offset curves of a ARac and b Ry,
measured before growth of the CVD layers on the device-quality substrates of the CVD12 matrix.
The relative variation in ARac and Ry being respectively lower than 2 and 0.01 %, the variations
in signal observed after growth of the layers (Fig. 6.3) are due to the doped layers themselves and
not to the underlying substrates

A.1.2 Quality of the Substrates

The consideration of surface charging allows us to measure with a high
repeatability on a specific spot of a specific wafer. However, this work also
requires that the measurements should be reproducible from one wafer to another.
Ideally, the substrates below each CVD layer we have used to develop our model
should be the same, so as to make sure that the substrate plasma and thermal
components are equal for all the CVD layers of our database. This ensures that the
signal variations we observe on the different CVD layers are due to a thickness or a
layer active doping difference, and not to a substrate difference.

As a consequence, monitor-quality wafers should be avoided. On n-type
monitor wafers, we have noted variations in ARy larger than 10 % from one
substrate to the other (see e.g. Fig. 5 of Ref. [3]). This is of course unacceptable
when one wants to build a quantitative theory. On the contrary, Fig. A.3a shows
that the relative wafer-to-wafer variations in the ARac offset curves measured on
the device-quality n-type substrates of the CVDI12 matrix before growth of the
CVD layers are below ~2 %. Similarly, the relative wafer-to-wafer variations in
Ry are below 0.01 %. In other words, the signal variations observed on the
CVD12 matrix after growth of the layers are confirmed to be due to the doped
layers themselves.

This is the second improvement of our measurement procedure. We
recommend that only device-quality wafers should be used. Besides, we
recommend a measurement should be run on the substrate before growth or
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Fig. A.4 Measurement repeatability: measurement probability distributions of a |[ARac|, b ¢gc
and R as obtained when measuring 5,000 times on the same spot a device-quality lowly doped
n-type substrate (aligned beams). A 300 s charging period has been used

implantation of the doped layer so as to ensure that the substrate behaves as
expected. This greatly simplifies the understanding of the signals after growth/
implantation.

Note that the physical origin of the large wafer-to-wafer variations in signals
observed on monitor-quality substrates is still under investigation.

A.2 Measurement Repeatability

The main benefit of our measurement procedure (Appendix A.1) is to enhance the
signal repeatability. In order to evaluate the actual values of the signal
repeatabilities, we have measured ARyc and Ric 5,000 times on the same spot
of a device-quality lowly doped n-type substrate (with aligned beams). In order to
account for the impact of charging in our measurement procedure, the surface has
been charged 300 s before starting to record the signal values.

The measurement probability distributions of respectively the amplitude of the
AC reflectance, the phase of the AC reflectance and the DC reflectance are shown
in Fig. Ada—c. All three distributions are sharply peaked. Notice that the
distributions of the amplitude and phase of the AC reflectance are not perfectly
symmetric as a result of charging, still present after 300 s. The standard deviation
of each distribution gives the measurement repeatability. Most importantly, we
have cagae =7 X 107* (a.u.) and gy = 5 x 107°. These excellent repeatability
values are used in this work for the determination of the precision of the developed
techniques (Chap. 7).
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Note that, though the obtained gag,. contain some contribution of the charging
effect, it is quite robust. For example, gy = 7.9 X 10~* (a.u.) is obtained when,
simultaneously, the initial charging period is limited to 100 s and the total number
of measurements (and hence total time) is reduced to 1,000. As a consequence,
GArac = 1 % 107 (a.u.) is believed to represent accurately the repeatability of
|ARac| when using our measurement procedure.

A.3 Experimental Database

A.3.1 Homogeneously Doped Silicon

Our matrix of p- and n-type homogeneously doped substrates is described in
Table A.1.

A.3.2 Box-Like Chemical-Vapor-Deposition Layers: CVDI2
and CVDI13 Matrices

All the CVD layers used in this work were grown with an ASM epsilon 2,000 tool
on 200 mm device-quality substrates. Both the CVDI12 (Table A.2) and CVDI13
(Table A.3) matrices are B-doped.

A.3.2.1 CVD12 and CVD13 Matrices: SIMS Profiles

The SIMS profiles of the complete CVDI12 and CVD13 matrices are shown in
Figs. A.5 and A.6. Only the ''B concentrations are shown, which corresponds to
80.1 % of the total B concentration (19.9 % !°B to be added). The SIMS profiles
have been measured in the center of each wafer. While the SIMS profiles of all the
layers of the CVD12 matrix have been measured, only half of the CVD13 layers
have been measured (layers with labels x.2, x.4, x.6 with x =1, 2, 3). The junction
depths of x.1, x.3 and x.5 (x = 1, 2, 3) have been linearly interpolated based on the
junction depths of x.2, x.4 and x.6 (x = 1, 2, 3). This linear increase in junction
depth from x.1 to x.6 is expected since the deposition time has also been increased
linearly during their growth.

A.3.2.2 CVD12 and CVD13 Matrices: Active Doping Concentrations

Figure A.7 illustrates the method we have used to determine the active doping
concentrations of our CVD layers, following Ref. [4]. The inverse of the sheet
resistance (measured here with RsL) is plotted vs the SIMS junction depth
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Table A.1 Description of our matrix of homogeneously doped substrates

Label Doping type Resisitivity (ohm.cm) Act. doping conc. (cm™3)
SUBI p-type 1.56x1072 4.62x10'8
SUB2 p-type 1.14x1072 7.10x10'8
SUB3 p-type 1.28x1072 5.44x10"8
SUB4 p-type 1.08x1072 7.71x10'8
SUB5 p-type 8.04x1073 1.13x10"
SUB7 p-type 2.49 5.54x 1013
SUBS8 p-type 2.17 6.39x 101
SUB9 p-type 9.08x107! 1.62x10'°
SUB103 p-type 1.03 1.41x10'
SUBP10 p-type 10 1.34x 105
SUBP5060 p-type 50-60 ~ 2.2 x 10
SUBPO1 p-type 1.0x107! 2.77x10"7
SUBP001 p-type 1.0x1072 8.49x10'8
SUBP478 p-type 4.78 2.83x10%
SUBP234 p-type 234 5.7x10™
SUBP004 p-type 4.2x1072 8.41x10"
SUBP510m p-type 9.33x1073 8.85x10'8
SUBP15m p-type 3.89x1073 2.79x10"
SUB6 n-type 1.76x1073 3.92x10"
SUBNO092 n-type 0.9-2 ~ 4 x 10

Table A.2 Description of the CVDI12 matrix

Label X/@‘g(’% (nm)? R, (Ohmjsq)b Layer Act. doping conc. (cm~>)¢
CVD 12 matirx

1.1 7.2 3700 6.4 x 10"
1.2 16.8 1176 6.4 x 10"°
1.3 28.0 696 6.4 x 10"
1.4 38.2 490 6.4 x 10"°
1.5 47.7 380 6.4 x 10"
1.6 59.8 311 6.4 x 10"
2.1 4.6 N/A 1.3 x 10"
2.2 152 8850 1.3 x 10"
23 25.1 3960 1.3 x 10"
24 35.1 2478 1.3 x 10"
2.5 46.9 1810 1.3 x 10"
2.6 56.8 1420 1.3 x 10"

* The SIMS junction depth of CVD box-like profiles is defined as the depth at which the SIMS
profile reaches 90% of its maximum concentration

" The values of the sheet resistance have been measured with RsL

¢ The values of the active doping concentration have been obtained from the slope of the
1/Ry(X*°") curve (Appendix A.3.2.2)
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Table A.3 Description of the CVD13 matrix

Label Xj‘f@go% (nm) 2 R, (ohm/sq)b Layer Act. doping conc.(cm~3)¢
CVD 13 matirx

11 3.9d 8477 45 % 10"
1.2 15.6 1845 4.5 x 10"
1.3 25.7¢ 1020 4.5 x 10"
1.4 34.9 693 4.5 x 10"
1.5 47.5° 526 4.5 x 10"
1.6 59.2 434 4.5 x 10"
2.1 5.7d 27436 33 x 10
22 15.9 3328 3.3 x 10"
23 25.4¢ 1678 3.3 x 10"
2.4 34.5 1114 3.3 x 107
2.5 45.0° 816 3.3 x 10"
2.6 55.2 661 3.3 x 10"
3.1 4.4d 32202 1.2 x 10"
32 14.4 5504 1.2 % 10"
33 24.3° 3157 1.2 x 10"
34 34.0 2250 1.2 x 101
35 44.2° 1740 1.2 x 10"
3.6 54.2 1405 1.2 x 10"

% The SIMS junction depth of CVD box-like profiles is defined as the depth at which the SIMS
profile reaches 90% of its maximum concentration

" The values of the sheet resistance have been measured with RsL

© The values of the active doping concentration have been obtained from the slope of the
1 /RS(XJ-@%%) curve (Appendix A.3.2.2)

4 Value linearly extrapolated from the three actually measured Xj@g‘)% of the set

€ Value linearly interpolated from the three actually measured XJ‘QQO% of the set

Fig. A.5 SIMS profiles of "B concentration (cm~3)
the ''B content (abun-
dance = 80.1 %) in the lay-
ers of the CVDI12 matrix

Depth (nm)
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Fig. A.6 SIMS profiles of "B concentration (cm~3)
the "B content (abun-
dance = 80.1 %) in 9 of the
18 layers of the CVD13
matrix

0 10 20 30 40 50 60 70 80
Depth (nm)

(at 90 % of the peak concentration) for each of the five sets of different active
doping concentrations. The slopes of the obtained curves give the conductivity of
the layer in ohm ~!'nm~!. Using Klaassen’s mbility model [5], i.e. assuming that
the mobility of the majority carriers in the layer is the same as in a bulk silicon
sample of the same active doping concentration, a value of the active doping
concentration can be derived. This value is actually a lower limit as mentioned in
Sect. 1.2.1.3.

Note that each interpolation curve crosses the x-axis (i.e. 1 /R; = 0) at a positive
value. Whether this feature is due to the presence of an inactive layer [4] or a
depletion effect [6] is still under discussion. Note that the crossing value typically
increases for decreasing active doping concentration [4]. This is not strictly
speaking the case in Fig. A.7, which shows that some uncertainty remains on the
derived active doping concentration (especially for CVD13 where only three data
points are available for each curve), besides the assumption of bulk mobility. This
small uncertainty is believed not to have any impact on the conclusions of this
work.

A.3.3 Implantation Profiles

The IIB matrix described in Table A.4 is a B-implanted matrix with Ge PAI under
different conditions and laser annealed three times under five different annealing
temperatures ranging from 1,150 to 1,300°C. All layers were implanted in
300 mm wafers with an Applied Materials Quantum X low-energy implanter. The
laser annealing was run with an Astra Vantage DSA system from Applied
Materials using a diode bar laser operating at 808 nm. The dwell time was 0.5 ms
and the chuck temperature 450 °C.

An extra lithographic step allowed us to keep a region of the wafer free of the B
implant and hence measure the substrate measurement, as defined in Sect. A.1.
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Fig. A.7 Derivation of the active doping concentration of CVD layers. The slope of the inverse
of the sheet resistance versus the SIMS junction depth gives the conductivity of the layer, which
can be translated into active doping concentration, assuming bulk mobility of the majority
carriers

A.3.3.1 SIMS Profiles of the IIB Matrix

Figure A.8 shows the SIMS profiles of 8 layers of the IIB matrix. For
completeness, the active SIMS concentrations, derived from sheet resistance
measurements (FPP) are also indicated by the horizontal lines. For each figure, it
can clearly be observed that the sample with a higher annealing temperature, 1IB-
DxT5 (x = 03, 05, 07, 13) is deeper and more highly actively doped than IIB-
DxT3. Annealing indeed induces both activation and diffusion. The comparison of
the depth of the moderately doped regions (=~10'® cm~3) in Figs. A.8a versus b—d
clearly highlights the impact of the Ge preamorphization (reduction in the
channeling tail).

A.4 Impact of Annealing and Preamorphization

As noted in Sect. 7.2.3 and in the conclusions of this work, some effort is still
needed so as to quantitatively understand the behavior of ARa¢ on preamorphized
and annealed substrates. In this Appendix, we show some preliminary data.

Let us start by investigating the impact of a preamorphizing implant after
anneal. This issue has been studied in detail in Ref. [7]. In summary, the behavior
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Fig. A.8 SIMS profiles of samples a 1IB-DO3T3 (black) and 1IB-DO3T5 (blue), b 1IB-DO5T3
(black) and 1IB-DOSTS (blue), ¢ IIB-DO7T3 (black) and IIB-DO7TS (blue),d IIB-D13T3 (black)
and IIB-DO13T5 (blue). The active SIMS concentrations derived from sheet resistance are
indicated by the horizontal lines

of the AC reflectance on annealed preamorphized samples can be understood by
means of a generalization of its behavior on as-implanted samples, where ARyc
correlates with the defect density generated during the implantation process [8].
The situation of annealed preamorphized substrates is obviously more complex
since, during the anneal, the defects tend to gather in the end-of-range plane. A
preliminary analysis has proven that ARyc still correlates, at least qualitatively,
with the defect density in the end-of-range plane [7]. This is in agreement with the
exemplary ARyc offset curves shown in Fig. A.9a and b. These figures show the
substrate measurements (as defined in Sect. 7.2.2, i.e. no doped layer) measured on
four samples with different Ge PAI conditions and laser-annealed three times at
1,300 °C: IIB-DO3TS5 (no PAI), IIB-DOSTS5 (5 keV, 10 cm~2), IIB-DO7TS
(5 keV, 5 x 10" cm~2) and IIB-D13T5 (20 keV, 104 cm~?). It is observed that
when the PAI energy or dose increases, the amplitude and phase of ARyc drop, as a
consequence of the reduction in the plasma component and simultaneous increase
in the thermal component.

Opposite variations are observed when the annealing temperature is increased
and/or the number of laser scans is increased. This is illustrated in Fig. A.9c and d
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Fig. A.9 Offset curves of a the amplitude and b phase of ARy as measured on laser-annealed (3
scans, 1,300°C) substrates preamorphized with the different conditions indicated on the right
hand-side. The amplitude and phase are observed to drop with PAI energy and dose, as a result of
the decrease in plasma component and increase in thermal component. The arrows indicate the
trend when increasing the Ge dose or energy. Offset curves of ¢ the amplitude and d phase of the
ARjyc measured on a preamorphized substrate (20 keV, 10'4 cm™2) for different laser-annealing
temperatures. The phase increases monotonically with annealing temperature while the amplitude
passes by a minimum. This is the result of the competition between the plasma component, which
increases with rising annealing temperature, and the thermal component which decreases with
increasing annealing temperature. The arrows indicate the trend when increasing the annealing
temperature

where the substrate measurements of sample IIB-D13 for different annealing
temperatures are shown. It can be seen that a rising annealing temperature leads to
a monotonically increasing phase and an amplitude which first decreases before
rising again. This behavior can be understood as the result of the competition
between the plasma component, which increases with rising annealing
temperature, and the thermal component which decreases with increasing
annealing temperature. In other words, when increasing the annealing
temperature, the signal undergoes a transition from a thermally dominated
behavior to a plasma-dominated behavior.

Though these effects are understood qualitatively, they can currently not be
modeled quantitatively. This is the reason why we have had to resort to using a
linear model with homogeneous recombination lifetime and ambipolar diffusivity
in Sect. 7.2.3. We believe this is what has led to some misquantification of the
depth of the profiles.

Very interestingly, the impact of annealing on the substrate measurement is also
observed on non-preamorphized device-quality substrates. This unexpected
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Fig. A.10 Offset curves of a the amplitude and b the phase of ARac as measured on n- (black)
and p-type (blue) device-quality substrates without preamorphization. While ARac depends on
the doping type when the device-quality substrates have not been annealed (full lines), this
dependence disappears after spike-annealing (dashed lines) or laser-annealing (interrupted lines)
these substrates

behavior is illustrated in Fig. A.10, where we compare the impact of a spike anneal
(1.5", 1,035 °C) and a laser anneal (3 scans, 1,300 °C) on n-type and p-type
device-quality substrates without any PAI or active implant. It is first surprising to
notice that the offset curves measured before any anneal on the n-type and p-type
substrates are significantly different. Knowing that device-quality wafers have
stringent specificications on the active doping concentration (< 10'> cm~3 for both
n- and p-type), this is in disagreement with the experimental data shown in Fig. 6.2
and our model which both expect the same behavior on lowly doped p- and n-type
substrates. This difference could be attributed to a different behavior of the surface
charging. As noted in Ref [3], this difference has also been observed on monitor-
quality substrates, where it strongly decreases when the surface is charged for a
longer period. Longer charging measurements on these device-quality substrates
should be run to better understand this effect.

As interestingly, after annealing, whether spike or laser, the offset curves on n-
and p-type substrates coincide. In other words, while the p- and n-type substrates
can be discriminated before annealing, they are equivalent after annealing.
Different effects could explain this behavior. First, if the difference observed
before annealing indeed proves to be a surface difference, it can then be supposed
that the annealing somehow modifies the oxide. Second, it could also be speculated
that this behavior is due to the partial activation of the O atoms in these substrates,
which act as thermal donors and therefore would make the substrates equivalent
after annealing (total oxygen concentration ~210'7 cm™3).
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Fig. A.11 Variations with junction depth in a the amplitude and b the phase of ARjc as
measured on the CVD layers of the CVD10 matrix. The qualitative behavior of ARac observed on
p-type layers in Fig. 6.4b and d is clearly recognized

A.5 N-Type Layers

The CVD10 matrix is a matrix of As-doped CVD layers (n-type). Unfortunately,
all these layers have been grown on monitor-quality p-type substrates. They were
indeed grown in the early phase of this work when the measurement procedure
described in Appendix A.l and, most particularly, the importance of the quality of
the substrates had not been clarified. As a consequence, these layers cannot be
discussed quantitatively. In this Appendix, we want to show that n-type layers
behave qualitatively like p-type layers, as expected by our model.

We focus the discussion on the values of ARzc measured with aligned beams,
i.e. we concentrate on the variations in amplitude and phase with active doping
concentration and junction depth. This is indeed sufficient to show that n-type
layers have a behavior similar to p-type layers. Figure A.1la and b show
respectively the variation with junction depth in the amplitude and phase of ARac,
as measured on the CVD10 matrix. It can be observed in Fig. A.11a that |ARac|
follows, at least qualitatively, the same behavior as on p-type layers (Fig. 6.4b). In
particular, the same rectified cosine behavior is observed. The amplitude of the
cosine also increases with increasing doping. The behavior of the phase observed
in Fig. A.11b also clearly reminds the behavior of p-type layers (Fig. 6.4d). In
particular, the same phase transition is noted when X; ~ 22 nm. This is due to the
sign change of the substrate plasma component. In summary, Fig. A.11 clearly
indicates that n-type layers behave like p-type layers, as expected by the model we
have developed.
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For completeness, note that, since all the theory in this work has also been
developed in parallel (but not tested) for n-type layers, all the results shown in this
work can be extended to n-type layers. To confirm this statement, we have tested
the profile reconstruction technique of Sect. 7.2 to As- and P- implanted layers.
The obtained profiles for spike-annealed (1.5”, 1,035°) P and As implants (1 keV,
105 cm™2) give acceptable qualitative agreement with the expectations (not
shown). The technique has also been tested on laser-annnealed P and As implants
(same conditions). However, these implant and anneal conditions result in sub-
10 nm deep layers. As a consequence, the observed variations in ARy are of the
order of the precision of the technique (low sensitivity).

A.6 Impact of the BGN Electroabsorptive Effect
on the Signal Equations

The conclusions of Chap. 3 are that the BGN electroabsorptive effect can be
neglected. As a direct consequence, the sinus contributions to Egs. (2.17), (2.32)
have been dropped when writing our final signal Egs. (6.9), (6.10) and (6.16) .
Focusing on the behavior of ARy¢c on box-like profiles, we show here that no BGN
electroabsorptive effect is observed in our experimental data, in agreement with
our conclusions in Chap. 3.

To prove this statement, let us write the complete equation for ARa¢c on a box-
like profile including the perturbation of the extinction coefficient due to BGN. In
this case, we have

4R .
ARac(r) =— Olfoexp(—lﬂo)
ng—
1 1 ) .
X { —p (m—e + m—h) ANsupi [cos(4mnoX;/ Zprobe ) + K sin(4mn0X; / Aprobe )]

substrate plasma component

1 .
—B (_ + —> ANy [1 = cos(4mnoX;/ Zprobe ) — Ksin(4mm0X;/ Aprobe )]

me Ny

layer plasma component

£ SAT } (A.12)
——

thermal component

where k = (0k/ON + 0k/0P)/[B(1/m, + 1/my,)] is always positive. The impact of
the BGN electroabsorptive effect is therefore a modification in the dependence of
the signals upon junction depth. More particularly, the cos(4nnoX;/ )Lprobe)

dependence is replaced by the modified function [cos(4nn0X,v/)»pr0be)+
Ksin(4nn0)(j/2pr0be)]. To illustrate this modified X;-dependence, Fig. A.12

shows the signal behavior as a function of junction depth for different values of
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Fig. A.12 Variation in AR\ /AR, (X; =0)
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the coefficient x. This figure assumes negligible layer plasma and thermal
components. The conclusions would be the same if these two components were
included.

As highlighted by the vertical and horizontal dotted lines in Fig. A.12, a same
value of ARac corresponds to slightly deeper X; when « increases. In other words,
the consideration of a small BGN electroabsorptive effect would lead our model to
deriving slightly deeper values of X;. Section 7.1.2, however, shows that, with
Kk = 0, a very good agreement with SIMS has been obtained. Further, it shows that
the derived junction depths might actually be slightly overestimated versus the
SIMS junction depths. A shift towards deeper junction depths is therefore to be
excluded.

In summary, our experimental data are in agreement with the conclusions
drawn in Chap. 3, i.e. the BGN electroabsorptive effect is so small versus the
Drude electrorefractive effect that it is not observed experimentally. In particular,
based on Fig. A.12, it appears that k = 0.1 leads approximately to a 1-2 nm shift
in the junction-depth dependence. It can therefore be expected that k¥ <0.1, i.e.
(0k/ON + 0k/0P) <0.1 x f(1/m, + 1/my).

A.7 Fourier Coefficients of the Auger
and SRH Recombination Rates

The transport Eq. (4.54) involve the constant and fundamental modes of the Auger
and SRH recombination rates. We here show how to derive their analytical
expressions. In order to be general, the electron and hole distributions (Egs. (4.3)
and (4.4)) and the recombination rates (Eq. (4.33c)) are expanded up to their third
harmonic. This gives us the opportunity to show by numerical simulations that, as
explained in Sect. 4.1.3.3, the generation of second and third harmonics due to the
nonlinear (mostly Auger) recombination rate is negligible in TP. In order to simplify
the expressions, we also write Negt = Ndoping + ANy and P¢gt = Pdoping + ANy.
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Let us start with Auger recombinations. Equation (4.48) shows that Auger
recombinations are a strongly nonlinear phenomenon which involves third powers
of the carrier concentrations. Plugging Eqgs. (4.3) and (4.4) into Eq. (4.48), the
constant Auger recombination rate is

RecoAuger = Rechueer
+ 2[Ch(2Negt + Pest) + Cp(Nest + 2Pest) |
x (AN1AN} 4+ AN,AN; + AN3AN3)

+ 6(C, + C»)R(AN>AN; AN} + 2AN,AN; AN},

(A.2)

where
Auger
Reccstg = n(NéstPcst - Ncst”,'anVp) +GC (Pésthst - PCStnizynyp) (A.3)

is the Auger recombination rate when only the probe and the constant mode of the
pump irradiance are shining. It can be seen that the constant mode of the Auger
recombination rate is enhanced under modulated illumination, thus reducing the
constant mode of the excess carrier concentration and leaving room for harmonic
generation. The fundamental mode of the Auger recombination rate can be written '

Rec) "¢ = ARecu®"
+ AN;{ — AN} [C,(2Negt + Pest) + Cp(Nest + 2Peyt)|
+2(Cy + C») (AN, AN} + 3AN>AN; + 3AN;AN;) }
+ 2[Ca(2Nest + Pest) + Cp(Nest + 2Pest) | (ANTAN; + ANSAN3)
+3(C, + C,) (AN} AN AN3 + AN,AN,AN?),

(A4)
where

ARecH™" = C,AN; [2NewPese — n27,7, + N2, + AN} (2Neg + Peyt) + AN AN}
+ CoAN| [2NesiPesi — 177,77, + Poy + AN} (Nogt + 2Pegt) + AN AN |
(A.S5)
represents the extra Auger recombinations which would occur in time-independent
conditions if additional (time-independent) AN; electron and hole concentrations

were added to the already existing Neg and Peg. In TP, AReca"8 is usually larger
than Recf"®", meaning that modulated conditions reduce these extra
recombinations.

As for the second and third harmonics of the Auger recombination rate, so as to
highlight their generation by the nonlinear Auger process, we write them as

! Note that a few constant terms have been added in this expression in order to artifically have

AReCAuger

ot to appear
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u AN, u
Rec) " = —2 — Goveet (A.6a)
)
AN
Auger 3 Auger
RGC3 - TAuger - G3 ’ (A6b)

3

where 75" (resp. 75"5") and G5"" (G4"®) respectively represent the pseudo

Auger recombination lifetime and generation rate of the second (resp. third)
harmonic. It can be easily proven that

1
“Auger Cn (ZNcstPcst - n,‘zl’n'))p + chs[) +Cp (ZNcstPcst - n,'z"/n“/p + Pgst)
Ty (A.7a)

+3(Cy + Cp) (2AN,AN; + AN, AN; 4 2AN;AN3)

1
Auger = C" (ZNCStPCSt - I’ll-z";)n’))p + Ngst) + CP (2NCS[PCS[ - ntzynyp + Pgst)
T3 (A7b)

+3(Cy + Cp) (2AN; AN + 2AN,AN; + AN3AN3)

G:;Uger = - [Cn(chst + Pcst) + CP(NCSt + ZPCSt)] (ANI ANl + 2ANTAN3)

(A.7c)
—6(C, + C,)AN,AN; AN

G;’%uger

= —2[Cu(2Nest + Pest) + Cp(Nest + 2Pest) AN AN,

(A.7d)
— (Cy + C,)(BAN; AN AN, + AN, AN, AN,

Let us move on to the SRH recombination rate. First, we linearize the
denominator of Eq. (4.44). In other words, the nonlinearity induced by the
denominator of the SRH recombination rate is only taken in first order. The
denominator is expanded as follows

1

~ Dengy1 — Dengy(7, + 7,
TP(N+niVn)+Tn(P+nin) 0{ 0( 14 1)

[(AN, exp(iwt) + AN} exp(—iwt)
AN, exp(2iwt) + AN; exp(—2iwt)
ANjexp(3iwr) + ANy exp(=3iot)|},  (A.8)
where
1
Tp(Ncst +nyy,) + T (Pest + ”in) .

Dengy =
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In the context of our investigations, this assumption proves to be good since the
constant mode of the carrier distribution (doping and constant mode of the excess
carrier distribution) is always larger than the other components, whether at low or
high injection.

Expanding the complete Eq. (4.44), the SRH recombination rate reads

RecSRH RecoRH

cst

— Denj(t, + 1) [2(Pest + Nest) (AN AN} + AN>AN; + AN;AN3)
+ 6R(2AN;AN,AN; + ANTAN; )]
+ Deng(2AN; AN} + 2AN;AN; + 2AN,AN3),
(A.10)

where
Rec SRH DenO( NestPest — nizynyp) (A 1 l)

CS[

is the SRH recombination rate when only the probe and the constant mode of the
pump irradiance are shining. It can be seen that more constant recombinations
occur under harmonic excitation than in time-independent conditions. This leaves
room for harmonic generation.

The fundamental mode of the SRH recombination rate is

RecSRH ARecSRH

1 cst

— Deng(ty + 1) [(Pest + Nest)(—AN; ANy + 2AN;AN3 + 2AN; AN)
+ 6AN; AN3AN; + 3ANZAN; + 3(AN;)*AN;
+ 6AN| AN, AN; + 2ANTAN; + Neg Pey AN, |
+ Deng(—AN;AN; + nizynyp + 2AN{ AN, + 2AN; AN3),
(A.12)

where

ARecCSqFH Deno(‘f,, +17,)AN, [( st + Nest) ANT + AN ANT — nfynyp]
+ Deng [ (Pest + Nest) ANy + AN ANY — 17,7,
(A.13)

Similar to Auger recombinations, the second and third harmonics of the SRH
recombination rate are written as

AN
RecPRH = "t — GaRH (A.14a)
)

2 Similar to Auger recombinations, a few constant terms have been added in this expression in

order to artifically have ARec"¢" to appear. They however disappear in the actual expression.
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AN
RecSRH 3 GSRH

SRH
13

(A.14b)

where 3R (resp. 73RM) and stRH (G3SRH) respectively represent the pseudo
SRH recombination lifetime and generation rate of the second (resp. third)
harmonic. It can be easily proven that

1 * * *
R = —Deng (1, + 7p) (NestPest — 177,7, + 6ANI AN} + 3AN, AN} + 6AN;AN;)
+ Den() (Pcst + Ncst)
(A.15a)
1 * * *
i = = —Denj(t, + 7p) (NestPest — 17,7, + 6AN| AN} + 6AN,AN; + 3AN;AN3)

+ DenO (Pcst + Ncst)
(A.15b)

GSRH — _Den2(t, + 1,)[(Nes + Pest) AN AN5 + AN?)
+6AN1AN;AN3 +6AN1ANTAN2] (AlSC)
+ Deng(2AN; AN3 + AN?)

GSRH — _Den(1, + 1,)[2(Net + Pest) AN AN, + 3ANTANZ + AN?]

(A.15d)
+ 2DenyAN; AN,

A.7.1 Harmonic Generation due to Auger Recombinations

To confirm that the harmonics generated by the nonlinear Auger recombination
rate are of negligible amplitude, we have implemented and solved the system of
four coupled equations solving for the constant mode, fundamental mode, second
and third harmonics of the excess carrier distribution in a homogeneously doped
silicon substrate.

The obtained amplitudes are shown as a function of p-type doping
concentration in Fig. A.13 (D,; = 0 and no BGN are assumed). It can be seen
that the second and third harmonics are smaller than 1 % of the constant and
fundamental modes, independently from doping. Similarly, the error made on the
constant and fundamental modes of the excess carrier distribution when neglecting
the harmonic generation of the nonlinear recombination rate is also negligible.
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Fig. A.13 Variation with doping in a the constant mode, b the amplitude of the fundamental
mode,c the amplitude of the second harmonic and d the amplitude of the third harmonic of the
excess carrier distribution, solutions of Eq. (4.3.2). These calculations take consideration of the
second and third harmonic generation of the Auger and SRH recombination process (Egs. (A.2)—
(A.15a)] but neglect the effects of D,; and BGN. The blue lines (right scales) underline the
relative error made on the constant and fundamental modes when the second and third harmonics
are neglected
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