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Beknopte samenvatting

In deze thesis werd de theorie van foto gemoduleerde reflectie (PMOR) ontwikkeld
met als objectief de karakterizatie van zeer ondiepe juncties in silicium. De theorie
werd getest door vergelijkende experimenten op basis van Carrier Illumination metingen
bekomen op B-gedopeerde substraten. De mogelijkheden en beperkingen van PMOR,
en in het bijzonder van PMOR met de CI-techniek, werden grondig bestudeerd.

Het werk is onderverdeeld in twee luiken zijnde de berekening van het directe en
inverse probleem. Het directe probleem omvat de ontwikkeling van een simulatie pro-
gramma dat de onderliggende fysica van PMOR implementeert (halfgeleider onder op-
tische injectie) en het CI-signaal voorspelt voor een gekende doperingsstructuur. Het in-
verse probleem beoogt de reconstructie van de onbekende doperingsstructuur uitgaande
van de bekomen CI-signalen.

Abstract

In this thesis, we have developed the theory of photo modulated optical reflectance
(PMOR) for the characterization of ultra-shallow junctions (USJs) in silicon, and we have
assessed the theory by comparing it with experimental measurements on Boron doped
chemical vapor deposition box-like profiles acquired with the Carrier Illuminationtm

metrology tool. The possibilities and limitations of PMOR and especially of PMOR on
CI have been deeply assessed.

The work has been divided into two main tasks, namely the direct and the inverse
problem. The direct problem includes the development of a finite element code for semi-
conductor simulation under optical injection, of suitable approximations and of compact
expressions for speed optimization as needed for solving the inverse problem. The in-
verse problem is adressed using different methods of increasing complexities, including
direct nonlinear optimization based on iterations on the direct problem.
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Due to the large number of physical quantities involved in this thesis, some symbols are
used more that once. For example, T represents both the temperature or the trans-
mission coefficient. It should however be clear from the context which definition is the
correct one.
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kB Boltzmann Constant
q Electronic charge
ε0 Dielectric constant in vacuum
εr Relative dielectric constant
ε = ε0 εr Dielectric constant
κ̃ = εr + iσ/ε0ω Complex dielectric constant, sometimes noted ε̃r
κ1 <(κ̃)
κ2 =(κ̃)

Optics

ñ = n+ ik =
√
κ̃ complex reflractive index

n refractive index [<(ñ)]
k extinction coefficient [=(ñ)]
K = K1 + iK2 wave vector (propagation constant) (/cm)

= 2πñ/λ
E Electric field (V/m) or wave amplitude
rs or r̃s reflection coefficient (complex)

of perpendicular (senkrecht) wave [adim]
rp or r̃p reflection coefficient (complex) of parallel wave [adim]
r̃ (unpolarized) reflection coefficient (complex) [adim]
t̃ (unpolarized) transmission coefficient (complex) [adim]
R = |r̃|2 intensity reflection coefficient (real) [adim]
T = |t̃|2 intensity transmission coefficient (real) [adim].

Should not be confused with the temperature, also noted T.
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φπ optical phase shift [rad or deg]
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the dc, first and second modulation harmonics
ωµ or ω modulation angular frequency [s−1]
φµ or φ modulation phase shift [rad or deg]
φ1, φ2 fundamental (or first) and second harmonic modulation

phase shifts [rad or deg]
I Irradiance [W/cm2]
δT thermo-optic coefficient, i.e. dn/dT [/K]
β electro-optic coefficient (Drude), i.e. dn/dN [cm3]
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∆R/R Differential reflectance
SCI = −∆R/R The CI signal, which is the opposite (historical reasons)

of the differential reflectance.

Electronics

nie Intrinsic effective density of state [/cm3]
Na Acceptor concentration (/cm3)
Nd Donor concentration (/cm3)
Ndop Doping (donor plus acceptor) concentration
Nact

dop Active doping (donor plus acceptor) concentration
N carrier (electron or hole) concentration (/cm3)
N electron concentration (/cm3)
P hole concentration (/cm3)
Neq Equilibrium electron concentration (/cm3)
Peq Equilibrium hole concentration (/cm3)
∆N excess-carrier concentration (/cm3)
∆N− probe excess-carrier concentration (/cm3)

also called background excess-carrier concentration
∆N' probe-plus-pump excess-carrier concentration (/cm3)

also called generation excess-carrier concentration
∆Nδ = Nδ differential excess-carrier concentration (/cm3)

Nδ = ∆N' −∆N− (see also Table 3.1)
Nδ0 differential excess-carrier concentration (/cm3) at the surface
Nδb differential excess-carrier concentration (/cm3) in

the bulk (i.e. a few Debye lengths from the junction)
NδXj NδXj = Nδb −Nδ0 (see also Fig. 3.15)

α Absorption coefficient (/cm)
J Current density (A/cm2)
Ldiff Carrier diffusion coefficient (cm2/s)
Lg Gate length (nm)
tox Gate oxide thickness (nm)
ρ Resistivity (Ohm cm)
σ Conductivity (/Ohm cm)
Rs Sheet resistance (Ohm/sq.)
R Volume Recombination rate (cm−3 s−1).

Should not be confused with the reflection coefficient also noted R.
Pb Pb center, i.e. trap at Si/SiO2 interface
Rsurf Surface recombination rate (cm−2 s−1)
G Generation rate (cm−3 s−1)
Vt Thershold voltage (V)
φ Potential (V)
φs Surface potential (V)
φn Electron quasi-Fermi potential (V)
φp Hole quasi-Fermi potential (V)
Efn = −qφn Electron quasi-Fermi energy (eV)

ix



Efp = −qφp Hole Quasi-Fermi energy (eV)
t Time (s)
T Temperature (K).

Should not be confused with the transmission coefficient also noted T.
Vth Thermal Voltage (V)
WSCR Space charge region width
Xj Metallurgical junction depth (nm)
Xje Electrical junction deph (nm)

Sub- and superscripts

.b or .b property in the bulk (a few Debye lengths from the metallurgical juntion)

.l or .l property in the doped layer (a few Debye lengths from the metallurgical juntion)

.0 or .0 property at the Si surface or Si/SiO2 interface

.n or .n property refering to electrons

.p or .p property refering to holes
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Chapter 1

Introduction

The general introduction is fourfold. First, we motivate the topic of the thesis in the
general context of the semiconductor industry and especially in the context of the fab-
rication and the characterization of ultra shallow junctions (USJ). Second, an overview
of non-optical USJ characterization techniques is presented, with a special emphasis on
the weak points leading to quantification problems. Third, the relatively recent optical
probes for USJ characterization, including spectroscopic reflectometry, spectroscopic el-
lipsometry, and photo modulated optical reflectance (PMOR) are reviewed. The state of
the art of Carrier Illumination, which is a particular implementation of PMOR and the
central subject of the thesis, is exposed and closely put in relation with the objectives of
this work. Finally, the content of the thesis is described in more detail.

1.1 Motivation

The invention of the field effect transistor (FET) by Lilienfeld in 1928 [128] has initiated
one of the major economical activities of the 20th century. Three decades later, in
1960, Dawon Kahng and Martin Atalla [118] at Bell Labs invented the metal oxide
semiconductor field-effect transistor (MOSFET, Fig. 1.1), and openend the way toward
the development of the first integrated circuit (IC), achieved in 1970, by Kilby [119].

From 1970 on, Moore’s law [144, 145], which states that the number of transistors
per integrated circuit doubles every 18 months, has prevailed. Moore’s law can be seen
as the natural consequence of the application of the law of Dennard [59] which shows
that shrinking the transistor dimensions (effective gate length, oxide thickness, junction
depth) and operational voltage by a factor α, and at the same time increasing channel
doping by α, such as to keep the electric field constant, leads to an increase in speed
by the same factor. After the 0.5 µm technology node, the more general scaling theory
of Baccarani [12], which relaxes the assumption of the constant electrical field, has
been used to circumvent the non-scalability of material (Si, SiO2) intrinsic properties
(bandgap, dielectric constant, etc.). For the sub-100 nm nodes, scaling theories fail so
that more complicated designs (e.g. halos, FinFET) have to be gradually introduced.
Ultimately, the limit of device shrinking will be reached when the transistor feature size
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is of the order of the De Broglie length (∼ 1nm), marking the transition toward quantum
electronics. Concretely, the 10 µm MOSFET channel length in 1971 has continuously
been scaled down to 0.065 µm in 2006. The extrapolation of Moore’s law to 2015
predicts chips with 210 FETs featuring 15 nm gate length. There is still a bit of time
before reaching the quantum electronics physical limit and present issues essentially
concern practical limits, which are associated with the semiconductor device fabrication
process, the cost of development and production, the increase in chip power density and
heat generation and the reliability degradation of the chip.

Year tox Lg Xj
(nm) (nm) (nm)

1999 1.9-2.5 140 42-70
2000 1.9-2.5 120 36-60
2003 1.5-1.9 80 24-40
2005 1.0-1.5 32 11-35
2008 0.8-1.2 23 7.5-25
2011 0.6-0.8 16 5.8-18
2014 0.5-0.6 13

Figure 1.1: Schematics of a planar MOSFET transistor showing the gate equivalent oxide thickness
(tox), the source and drain junction depth (Xj , low values are for extension regions, high values are
for contacts) and physical gate length (Lg). Data is taken from ITRS 2000 and 2006 editions [2].

In the recent years, difficulties due to MOSFET scaling have dramatically increased.
Many second order effects that were ignored in the past are now becoming critical. We
can mention, for example, short channel effects (SCEs), the interconnect capacitance, the
heat production due to increased density, the gate oxide leakage and process variations
(the relative size variation of transistor features increases as the transistor shrinks due
to random process variations during chip manufacturing).

The important issue of SCEs is intimately linked to the subject of this thesis and
is developed a bit further. There are two different manifestations of the SCEs. The
first manifestation is referred to as the threshold-voltage (Vt) roll-off with decreasing
gate length. The decrease in Vt is caused by the increased fraction of the channel
region occupied by the source and drain depletion regions (charge sharing model). The
consequent decrease in gate voltage needed to cause inversion in the channel leads to
subthreshold conduction. Subthreshold conduction, which was ignored in the past, now
represents 50% of total power consumption of modern high-performance VLSI chips. It
is shown in the literature, that the subthreshold slope can be controlled by decreasing
the junction depth (Xj) of the source and drain regions [193]. The second manifestation
of the SCEs is the Drain Induced Barrier Lowering (DIBL). When a drain-to-source
bias is applied, the threshold voltage is decreased due to the lowering of the potential at
the source end. There are no known closed form expressions for predicting the threshold
voltage shift resulting from DIBL [126]. A treatment based on two-dimensional computer
simulations can be found in Troutman [208]. The key insight is, like for threshold voltage
roll-off, DIBL effect improves with decreasing junction depth of the source and drain
regions.

The need for decreasing the junction depth to control the SCEs while keeping the
extrinsic resistance (other than the channel resistance) as low as possible has led to the
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1.1. Motivation

introduction of source/drain extension regions (SDE) engineering. Note that, originally,
SDEs were used to relieve the electric field and subsequent breakdown by hot electrons,
but, nowadays, the SDE design results from a trade off between the source/drain resis-
tance and the SCEs.

It is thus of the utmost importance to control accurately the SDE doping profile,
featuring low Xj (< 20 nm) and high doping concentration (> 1× 1020 /cm3) (See Fig.
1.1), and to control its statistical variations across the wafer to keep the threshold voltage
within acceptable bounds. New fabrication processes but also new characterization
techniques — and that is the object of this thesis — have to be developed to form the
Ultra Shallow Junctions (USJs) encountered in the SDE.

The formation and electrical characterization of ultra shallow junctions from tran-
sistor response have been extensively studied by Severi [185]. Doping profile information
can however not be obtained through electrical transistor response so that “direct” phys-
ical characterization techniques are needed.

Considering the two dimensional nature of a planar CMOS (three dimensional struc-
tures like the FinFET are now also emerging), a physical characterization of the same di-
mensionality is ideally needed. Unfortunately, existing and under development two- and
three-dimensional characterization techniques (e.g Scanning Spreading Resistance Mi-
croscopy, Atom Probe, Electron Holography, See Sec. 1.2) are inherently destructive due
to sample preparation and require special test structures. One dimensional techniques
are however still useful provided the analysis costs (in terms of sample preparation,
implementation of test structure, throughput, etc.) are reduced and/or the metrology
figure of merits (precision, resolution, accuracy) are improved compared to the alter-
native multidimensional techniques. Existing one dimensional doping characterization
techniques like Secondary Ion Mass Spectroscopy (SIMS), Spreading Resistance Probe
(SRP) and Micro Four Point Probe (M4PP) (See Sec. 1.2), are destructive and require
sample preparation (in the case of SRP and M4PP). Among all existing characteriza-
tion techniques, optical probes, which are reviewed in Sec. 1.3, are the only ones, which
at the same time, (1) are non-destructive and can measure full wafers in-line (no sam-
ple preparation), (2) require a small analysis surface (1 - 100 µm), (3) have a short
measurement time (a few seconds to a few minutes per measurement site), (4) have a
good reproducibility, (5) have a sub-nanometer depth resolution, a good active doping
sensitivity and dynamic range (1018 - 5× 1020 /cm3).

In particular, Carrier IlluminationTM (CI) is an optical probe which has been pro-
posed and patented quite recently (2001) [1]. The conceptual ideas behind it are however
not recent. CI is based on the pump-probe principle and can be classified as a Photo
Modulated Optical Reflectance (PMOR) technique. The pump is a modulated laser beam
(usually in the visible range) and modulates the free carrier concentration by photo exci-
tation. The probe is a non-modulated laser beam (usually in the visible or near infra-red
range) of which the pump-induced modulated reflectance is measured in function of the
pump laser power (or irradiance). The modulated reflectance in function of the pump
power is called a power curve, and its nonlinear dependence with respect to the pump
power provides information on the underlying active doping profile.

The central objective of this thesis is to transform CI from a qualitative process
control tool into a quantitative in-line and off-line one dimensional active doping profile
characterization technique for ultra shallow junctions. The state of the art of Carrier
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Year of production 2005 2006 2007 2008 2009 2010 2011 2012 2013

Extension Xj (nm)1 11 9 7.5 7.5 7 6.5 5.8 4.5
Lat. abrupt. (nm/decace) 3.5 3.1 2.8 2.5 2.2 2 1.8 1.5
Rs (Ω/sq) 2 653 674 640 740 677 650 548 593
N . (×1020 cm−3) 1.7 2.0 2.5 2.1 2.5 2.8 3.8 4.5
Contact Xj (nm) 35.2 30.8 27.5 25.3 22 19.8 17.6 15.4

N precision 3 4% 4% 4% 4% 4% 2% 2% 2% 2%

Table 1.1: Metrology ITRS roadmap. 2006 update edition. The values are for bulk MPU/ASIC.
Normal character: manufacturable solutions exist, and are being optimized. Slanted character: man-
ufacturable solutions are known. Bold character: manufacturable solutions are NOT known. Data
was taken from ITRS 2006 edition [2, 189].

1 Alternative device designs, employing offset spacers and deeper extension junctions which preserve

or even extend the effective channel length, may allow deeper extension junctions. Junction depths for

NMOS and PMOS are the same. 2 PMOS is taken to be 2.2 times the NMOS values. 3 High-precision

measurement with low systematic error are required.

Illumination is presented in Sec. 1.3.

1.2 Overview of USJ characterization

The purpose of this section is to give a brief overview of the non-optical metrology
techniques for USJ characterization in silicon. However, given the large amount of
possible metrology setups that can be assembled, which are sensitive to active dopants,
non-active dopants and free carriers, we will here only consider techniques that have been
effectively used in a recent past as well as emerging techniques. Although we are mostly
interested in the active dopant or carrier profiles, techniques which are sensitive to the
dopants, independently from their activation, are also included. All dimensionalities will
be considered (0, 1, 2 or 3 dimensions).

In the following discussion, the author finds it convenient to introduce the concept
of “modeling effort”, which is a measure of the modeling steps and assumptions needed
to convert the measured signal into doping or carrier profile. The modeling effort has
a direct impact on the accuracy. The road from the measured signal to the probed
property, i.e. the signal deconvolution, can sometimes be very long and complex. The
measured signal is usually a particle flow (electrons, ions or photons) converted into a
voltage or a current through some detection system. The relational nature between the
measured signal, s, and the probed property, p, is mostly a functional s[p] (we used the
brackets to indicate it is a functional), and can sometimes be reduced to a function s(p)
under some assumptions, which greatly reduces the modeling effort and subsequently the
signal deconvolution. We especially insist on techniques which will be used in this thesis
in comparison with Carrier Illumination. We first introduce Secondary Ion Mass Spec-
troscopy, which is a one-dimensional (1D) characterization technique providing chemical
information (no electrical information). We then present three characterization tech-
niques based on electrical conductivity measurements, Spreading Resistance Probe (1D),
Micro Four Point Probe (0D/1D) and Scanning Spreading Resistance Microscopy (2D).
We finally present Electron holography (1D) and Junction Photo Voltage (0D), which
both make use of the junction potential in order to extract respectively the active doping
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concentration and the sheet resistance. For all these techniques, the steps needed toward
quantification, i.e. the modeling effort, will be highlighted so as to show the inherent
limitations in accuracy. A few other noteworthy techniques are finally also mentioned.

1.2.1 Secondary Ion Mass Spectroscopy (1D)

Secondary Ion Mass Spectroscopy (SIMS) [227, 18] is a technique based on secondary ion
detection. Primary ions sputter the surface of the sample to be studied, and secondary
ions are mass separated and detected as a function of time. The secondary ion intensity
as a function of time, II(t), is a measure of the elemental concentration as a function
of depth, CI(z). A review about the quantification of dynamic SIMS has been done by
Zalm [230].

The conversion from II(t) to CI(z) is roughly as follows. First, II(t) is measured and
converted into II(z) by measuring the sputtered depth at the end of the measurement
assuming a constant erosion rate (although more complicated approaches exist [230]).
Second, CI(z) is linked to II(z) by the functional relation

II [CI ] = II(z) = K

Z ∞
−∞

CI(z − χ)R(χ)dχ (1.1)

where K is an instrument and instrument-condition constant and R(χ) is the depth
response function (DRF), accounting for sputter yield, ionization efficiency, ion-beam
mixing and other artifacts. The DRF depends on both the considered element and the
matrix. Although the integral runs on [−∞,+∞], the extent of R(z) (where its value is
non-zero) is usually limited to a few nanometers. Note that the functional is actually a
convolution integral, and the relation could easily be inverted by Fourier transform. In
practice, it is not as simple because of the noise in the data. The preferable approach
is to reconstruct a plausible “original” profile using optimization techniques [230]. The
reconstruction becomes trivial when the DRF is a Dirac function (the intensity becomes
a function, rather than an functional, of the concentration) although the proportionality
factor (assuming the function is linear) between II and CI can be rather complicated to
determine.

When boron is to be analyzed — and most of the samples we have analyzed in this
thesis are boron doped — oxygen is mostly used as primary ions, rather than other
gases, in order to increase the ionization rate. Unfortunately, the use of oxygen as a
primary beam implies the existence of a transient regime (or pre-equilibrium regime,
which is due to the progressive incorporation of oxygen into the matrix). This regime
extends to depths of the order of the penetration depth of the primary ions (a few
nanometers, depending on the primary beam energy), where neither the erosion rate
nor the secondary ion formation probability are constant. As a consequence, the first
few nanometers of a boron or arsenic SIMS profile cannot be quantified [217]. Under
nonoxidizing conditions and with a more refined data treatment, the boron interfacial
peak can be suppressed [37].

Atomic intermixing is another SIMS artifact which limits the depth resolution. By
lowering the primary beam energy, the intermixing can be reduced. In the extreme limit,
zero energy SIMS [213] is a emerging technique using a low energy electron beam and
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an etching gas to “sputter” the surface, and a laser-beam to post-ionize the released
elements. This approach should completely obliterate atomic intermixing.

We also mention briefly that two dimensional SIMS techniques have also been de-
veloped such as the Tomography SIMS [101] and 2D-SIMS [71] but they require special
test structures and reconstruction algorithms.

The pros of SIMS are its high dynamic range (1014 - 1021 /cm3), depth resolution
(1-4 nm) and excellent sensitivity (ppm to ppb). The cons are, first, that the technique
is destructive (a crater of 10 to 200 µm in diameter is formed), second, that it is sensitive
to dopants rather than active dopants or carriers, and most of all, that the quantification
of the first few nanometers is not accurate, at least in the case of boron and arsenic.

1.2.2 Spreading Resistance Probe (1D)

The goal of spreading resistance (SR) measurements is to determine the active doping
profile Ndop(z), based on a series of two-probe (1-2 µm radius, 15 to 40 µm apart)
resistance measurements along the beveled surface (1 to 2.5 µm steps) of the sample
[72]. The measured resistance is the electrical resistance between the two probes and
mainly comes from the constriction of the current lines at the probe contacts, i.e. the
spreading resistance.

In standard Spreading Resistance Probe (SRP) analysis, charge neutrality is assumed
throughout the sample which implies that carrier concentration and resistivity depend
only on the local doping concentration. Practically, more sophisticated SRP analysis
must be used in order to extract quantitative doping profiles.

The direct problem, i.e. going from doping profile to spreading resistance profile is
schematically as follows. Starting from a doping profile, the so-called carrier spilling (the
outdiffusion) caused by a redistribution of mobile carriers with a steeply varying doping
concentration [108, 47], is accounted for by solving Poisson equation. Note that at
very small bevel angles (few minutes), carrier spilling is a pure one-dimensional problem
[40]. When the sample is beveled, the on bevel junction shifts toward the surface by a
few up to hundreds of nanometers, depending on the profile concentration and slope.
The carrier profile can then be converted into a resistivity (ρ) profile assuming some
mobility function. Finally, the spreading resistance between the two probes is given
by R = C ρ/2a (when the probe separation s >> a), where a is the probe radius and
C is some correction factor accounting for the vertical conductivity profile seen by the
probes, which mainly depends on the probe separation. Since applied voltages are very
small (∼5 mV), the minority carrier injection has a negligible impact on the resistivity.
Empirical corrections to the resistance/resistivity relation can also be added, e.g. a
barrier resistance in series with the spreading resistance or an effective probe radius
dependent on the resistivity. Many other second order effects render the modeling more
complex, like surface states, bandgap narrowing and increased dielectric constant with
pressure (β-tin phase transformation), surface recombination velocities (nonequilibrium)
and the tedious modeling of the probe semiconductor contact [55]. For sub-100 nm
profiles, corrections have to be applied for bevel-edge proximity (resistance increases by
a factor of at most two) [34], surface damage effect (resistance increases as much as a
factor of 10 for sub-30 nm profiles) [48] and three-dimensional lateral current spreading
effect [49]. The relation between the doping profile and the on-bevel resistance profile
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R[N] is thus a very complicated functional and requires a considerable modeling effort.

The reconstruction of the doping profile from a series of on bevel spreading resis-
tance measurements is an inverse problem solved by iterating on solutions to the direct
problem (optimization problem). There are three different approaches [72]. First, m
doping values at determined depth are matched to the m resistance measurements at
the corresponding bevel depth. This, however, is computationally time consuming and
the resulting profiles are extremely irregular. Producing physically reasonable profiles
requires to add a smoothness criterion. Second, and more simple, is to use a paramet-
ric description of the profile (erfc, gaussian, ...) and to optimize the few parameters
to match the measurements. The third approach, is to reconstruct the doping profile
starting from the substrate and moving toward the surface, since a measured resistance
only depends on the underlying carrier profile [214]. Noise is a major problem in this
last technique and the data must first be smoothed to get reasonable results.

The main advantage of SRP is its excellent sensitivity (1011 /cm3), dynamic range
(1013 to 1021 /cm3) and depth resolution (∼1 nm). Its accuracy is however question-
able, especially for ultra-shallow junctions, considering the complexity of the modeling
involved and the inherent depth uncertainty due to bevel angle variation.

1.2.3 Micro Four Point Probe (0D/1D)

In Micro Four Point Probe (M4PP) [55], the sheet resistance is measured with a micro-
machined four point probe head with a probe separation of typically 1.5µm (the probe
separation in conventional FPP is 1 mm or more). The very small size of the probes
allows the measurement to be done on a beveled surface, as for SRP, so that a 1D profile
can be obtained

The direct advantage with respect to SRP (which measures the spreading resistance
instead of the sheet resistance) is that no contact modeling is needed, so that the on bevel
resistivity profile can be obtained from the sheet resistance profile with an extremely
simple algorithm. In other words, it is an absolute on bevel carrier depth profiling
technique, “absolute” in the sense that it does not require calibration samples for the
conversion between sheet resistance and resistivity. The on bevel carrier profile can then
be determined assuming some mobility function.

In order to obtain the vertical carrier and doping depth profiles (before beveling), the
inverse problem for the Poisson equation has to be solved (like for SRP). With M4PP
[56], the impact of probe pressure, which gives an extra carrier spilling effect in SRP
due to β-tin phase transformation and probe penetration, is limited. Carrier spilling in
M4PP seems to be limited to geometrical and surface state effects caused by the presence
of the bevel rather than the probes (no β-tin phase).

The main drawback of M4PP is the impact of deep (> 2 nm) scratches that may be
present between the probes. Unlike SRP or SSRM, which are sensitive to the spreading
resistance localized around probe, M4PP is sensitive to the current flowing between
the probes so that scratches may prevent the current to pass in a direct path between
the probes, with the effect of increasing the sheet resistance. The beveling (polishing)
procedure plays here a major role. In that respect, the beveling technique used for
SSRM (0.3 nm rms) [75] is preferred to the one used for SRP (2 nm rms) [53]. However,
with the former, bevel rounding is more pronounced. A low temperature oxide needs to
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be deposited prior to beveling allowing for better starting point definition (the initial
surface). Also note that, like for SRP, three-dimensional lateral current spreading effects
[49] near the on bevel electrical junction and at the bevel edge need to be considered.

Micro Four Point Probe essentially provides the same sensitivity, dynamic range and
depth resolution as SRP but with an improved accuracy due to the absolute nature of
the sheet resistance measurement.

1.2.4 Scanning Spreading Resistance Microscopy (2D)

In Scanning Spreading Resistance Microscopy (SSRM) [76], also called nano-SRP, the
measurement is done directly on the cross section rather than on the beveled surface.
In order to make it possible, a conductive diamond tip (∼10 nm in radius) mounted on
a stiff cantilever is used. Only this kind of tip is able to survive the huge force applied
to the sample (10−4 - 10−5 N) necessary to achieve electrical contact. Like for SRP, the
electrical resistance that is measured between the tip and the backcontact is dominated
by the spreading resistance.

When the tip is large compared to the carrier mean free path, the spreading resistance
is given by the classical Maxwell resistance R(ρ) = ρ/4a. As the tip radius is decreased,
ballistic transport occurs and a more complex contact modeling is needed. A straight
curve of R vs ρ is in practice never observed due to the Schottky nature of the contact, the
surface states and the probe resistance. Is is extremely complicated, if not impossible,
to accurately describe the contact with mathematical expressions and it is actually
preferred to use calibration curves of R vs. ρ. Each probe (tip) has to be calibrated on
known uniformly doped samples (practically, 1D staircase structures are used to obtain
the calibration curve in one scan) for each type of dopant. The deviation from the ideal
R vs. ρ relation is hidden in a series barrier resistance Rbarrier, which depends on the
local resistivity

R(ρ) = ρ/4a+Rbarrier(ρ) (1.2)

Since real samples are usually non uniformly doped, the resistance is more than a
(local) function of the resistivity, it is a functional of the entire resistivity profile [228]:

R[ρ] = CFa[ρ] ρ/4a+Rbarrier(ρ) (1.3)

where CFa[ρ] is a correction factor that depends on the full resistivity profile and on
the probe radius a as a parameter. Practically, the resistance is only influenced by
the nearby regions and the functional can be reduced to a function of the local shape
of the resistivity profile (slope and curvature) as well as the distance to conducting
(metallic) or insulating boundaries [228]. The correction factor ranges from 0 (close
to metallic contact or where the resistivity gradient is high) to 2 (close to perfectly
isolating boundary) and is equal to 1 for a uniformly doped substrate. A database is
constructed based on finite element simulations as a function of each of the parameters
(slope, curvature, probe radius, distance to boundaries). The inverse problem (obtaining
the resistivity from the resistance measurement) can be solved by an iterative procedure
[228].

Although SSRM does not suffer from the bevel-induced carrier spilling (occurring in
SRP), it is more sensitive to surface charges due to its smaller probe radius. Surface
charges can shift the junction or even create inversion layers and make the junction
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disappear. This is notably the case on p++n or n++p structures when the low doping
side concentration is less than 1017 /cm3 [74]. On p++n, the electrical junction depth
measured by SSRM moves closer to the surface (accumulation in n-type region) while
for n++p, the depletion region disappears (inversion in the p-type region). For n++p+

or p++n+ the impact of the surface charges is less pronounced due to the high doping
concentration. Sample preparation (polishing) plays obviously a major role in the quality
of the measurement. We also note the impact of the applied voltage bias. As the bias is
increased, charges are injected and the junction peak (of normally high resistance) tends
to disappear.

The main advantage of SSRM is its high spatial resolution (1 to 3 nm). Such a high
resolution is a priori unexpected considering the actual tip radius of 10 nm. This is
due to a β-tin [also named Si(II)] phase transformation of the silicon under the high
pressure applied by the tip. The β-tin pocket is metallic and can be seen as a virtual
SSRM probe explaining the nanometer spatial resolution, roughly three times smaller
than the probe radius itself. The dopant gradient resolution is 1-2 nm/dec. The concen-
tration sensitivity is strongly bias dependent and is better for highly doped layers [76].
The ability to reproduce the measurement result using exactly the same experimental
conditions (same sample, probe, scan speed, force, etc.), i.e. repeatability, is better than
20%. The dynamic range is reduced relative to SRP. The limited conductivity of the
diamond tip limits the range to doping concentrations lower than 1020 /cm3. For doping
concentrations smaller than 1017 /cm3, the carrier distribution is strongly perturbed by
the presence of surface charges.

1.2.5 Electron holography (1D)

The observation and confirmation of the Aharonov Bohm effect by electron holography
(EH) by Tonomura in 1982 [207] opened the way toward magnetic and electric field
imaging. The Aharonov Bohm effect is a pure quantum mechanical effect where the
wave packet of a charged particle undergoes a phase shift depending on the electrical or
magnetic potential - rather than the force field itself - along its displacement path. The
particle wave packet will therefore feel a phase shift even if the local electric or magnetic
field is zero all along its displacement path.

In 1994, McCartney et al. [141] had the idea to use off-axis EH - one of the variants of
the technique - to probe the potential distribution across a p-n junction. In off-axis EH,
a coherent electron beam is generated with a Field Emission Gun (FEG) and the sample
is positioned so that it covers half of the field of view. An electrostatic biprism is used
to deviate the electron beam which has passed through the sample and the reference
beam which has passed in the vacuum so that they can overlap and interfere. The
hologram intensity H(x, y) is recorded digitally with a slow scan CCD camera and the
complex image is obtained by Fourier transform from which an accurate quantification
of the phase and amplitude is obtained. The structure in the phase image results from
thickness variations and local changes in the projected electrostatic potential of the
sample. The thickness of the sample can be obtained using the amplitude image so that
the phase image can be “cleaned” of its thickness variation.

Nice potential distributions can be obtained in agreement with the potential distri-
bution calculated from Poisson equation assuming SIMS profiles as input [102]. However,
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the excellent agreement is misleading in terms of active doping quantification. Indeed,
the p-n built-in potential variation with respect to the logarithm of the active doping
concentration is linear and given by Vbi = kT/q ln(NaNd/n

2
ie), which corresponds to a

slope of 0.06 V/dec [kT/(q log10 e)] [200], on the full concentration range. Considering, a
noise level > 0.05 V [102], the error bar of the doping concentration is almost one decade,
well below the requirements of the ITRS roadmap (Tab. 1.1). Electron holography is
nevertheless a useful technique for electrical junction positioning (where the electric field
is maximum) since the spatial resolution in the reconstructed potential is 2 nm [102].

1.2.6 Junction Photo Voltage (0D)

The Junction Photo Voltage (JPV) technique uses modulated light from a light emitting
diode (LED) to generate excess carriers in the depletion region (and around) of a p-n
junction in order to modulate its built-in voltage [129, 124] (Fig. 1.2). The built-in
voltage modulation amplitude at two different radial positions (V1 and V2) (∼half a
centimeter apart) can be detected by Kelvin probes from which the sheet resistance
(Rs) and the junction leakage (J0) can be determined [57, 77, 78]. It is a pump-probe
technique and although the pump is light, it is not considered as an optical-method since
the measured signal is a surface photo voltage. It is worth spending some time on the
modeling of this technique since it is in appearance very similar to Carrier Illumination,
as far as the pump only is concerned. We will however see later that the difference
in pump irradiance (10−4 W/cm2 here and 105 W/cm2 for CI) strongly modifies the
physics.

The LED generates excess carriers in the doped layer, in the depletion region and
in the substrate down to a depth depending on the absorption coefficient of the light
at the considered wavelength (practically, infrared, red, violet and UV LEDs are used).
For a p+-n junction, holes generated in the depletion region and within a diffusion
length in the substrate are swept by the depletion region field toward the doped layer
(surface). Inversely, electrons generated in the layer and in the depletion region are swept
in the opposite direction toward the substrate. The charge separation tends to reduce
the junction built-in voltage below the LED. Far enough from the LED in the lateral
direction, the built-in junction voltage is still at its equilibrium value. The energy bands
are therefore also bent in the lateral direction. Most of the lateral band bending occurs
in the doped layer and the bands in the substrate remain essentially flat. The holes
(majority carriers) in the p-type doped layer will drift laterally (the diffusion current is
negligible) and their current is proportional to the inverse of Rs. Due to recombination
centers at the surface, in the doped layer, in the depletion region or in the substrate,
a part of the excess carriers will recombine before being swept by the depletion region
electric field. Practically, the lateral majority (here written for holes) excess carrier
distribution in the doped layer is simply modeled as a charge conservation equation:

dp/dt+∇.J = G−R (1.4)

The equation is composed of four terms which are further detailed. First, the transport
of the charges coming from the substrate and the depletion region toward the doped
layer is simply modeled as a source term G = q f(r)/Xj = q F/Xj U(r − a), where
Xj is the junction depth and qf(r) is the generation current due to the photon flux
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1.2. Overview of USJ characterization

Figure 1.2: Schematics of the Junction Photo Voltage (JPV) metrology tools. Important vertical
dimensions are the junction depth (Xj), the space charge region length (WSCR), the carrier diffusion
length in the substrate (Ldiff) and the inverse of the absorption coefficient (1/α). φ(r) is the lateral
electric potential, J(r) the lateral drift current, and R(r) × Xj the recombination current due to
junction leakage.

[f(r) = F U(r − a), U(r − a) = 1 if r < a and 0 if r > a]. F is defined as the carrier
separation rate (s−1cm−2). Second, the recombination term R is modeled as a forward
bias current (R = JL/Xj), as given by the linearized Shockley relation JL = J0(eqφ/kT −
1) ' J0qφ/kT . Physically, it is a diffusion current across the junction into the depletion
region but it is modeled as a recombination term. The leakage current J0 is actually a
generation current when the diode is reverse biased and a recombination current when the
diode is forward biased. It is mediated by recombination centers in the depletion region
(Shockley-Read-Hall recombination). It should be noted that recombinations in the
substrate and in the depletion region are already taken into account in the source term
G, which is a net generation-recombination rate rather than a pure generation rate. The
recombination term modeled by the Shockley relation accounts for the forward-biasing
of the diode1. Third, the majority carrier concentration, p = p0 + δp, can be expressed
in terms of φ since δp = Q/Xj = CSCR φ/Xj where Q is the excess charge per unit
area in the doped layer and CSCR = ε/WSCR is the depletion region (or space-charge
region) capacitance per unit area (C/Vm2) and WSCR is the space-charge region length.
Fourth, the current is drift-dominated so that J = −σ∇φ where σ = 1/(RsXj) is the

1Note that this leakage term is absolutely needed in Poisson equation at zero modulation
frequency when Neumann boundary conditions are applied, without which the equation would
have no solution (compatibility condition).
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1. INTRODUCTION

conductivity. The diffusion current Jdiff = D∇δp = DCSCR/Xj ∇φ can be neglected
(D is the carrier diffusivity) as long as RsDCSCR << 1, which is always the case in
practice.

All terms in Eq. 1.4 can thus be expressed in terms of φ(r) and can be solved
analytically assuming cylindrical symmetry (time dependent Helmholtz equation) [129]:

CSCR dφ/dt+ 1/Rs ∆φ+ J0 φ = FU(r − a) (1.5)

The solution φ(r) depends on three parameters Rs, J0 and CSCR. The magnitude F of
the generation term is assumed to be small enough to keep the system in a linear regime
(small signal assumption for Shockley’s equation) and does not need to be calculated
since the extracted sheet resistance will be expressed as the ratio of the junction photo
voltage at two different radial positions (thus canceling F ). The junction capacitance
CSCR depends on the depletion-layer thickness and is roughly independent from the
layer doping concentration as long as the layer doping concentration is larger than the
substrate concentration by about one order of magnitude. Practically, CSCR is deter-
mined by using a calibration wafer of known Rs and vanishing J0 (J0 << ωCSCR φ) with
similar substrate concentration as the test wafer2. The two other parameters, Rs and J0

can then be determined by making two measurements at different excitation frequencies.
At high frequency, the solution of Eq. 1.5 is independent from J0, so that Rs can be
determined. At low frequency, the solution depends on both Rs and J0 so that J0 can
be determined, taking the previously calculated Rs into account. The theory has also
been developed in the case of two-layers (p-n-p) but its practical implementation is not
yet achieved [175].

The name “RsL” [77] given to this metrology technique by the engineers of Frontier
Semiconductor comes from the ability to extract both the sheet resistance (Rs) and the
leakage current (J0). A similar implementation has been done by Semilab [65].

As of today, RsL is one of the best techniques to map sheet resistance and junction
leakage on blanket wafers. However, the non-linear JPV response to light intensity
observed in some samples as well as surface charge effects are yet to be understood
and still cause quantification failure. Furthermore, in case of very leaky junctions (e.g.
halo), the frequency cannot be set high enough to measure the sheet resistance. Note
that working with higher frequencies would also require smaller and closer probes due
to the frequency dependence of the carrier diffusion length. Another drawback of the
method is that it requires relatively large samples (a few centimeters), especially when
the sheet resistance is low.

1.2.7 Others

We finally briefly mention a few other noteworthy techniques for dopant characterization.

High resolution Elastic Recoil Detection (ERD) now permits quantitative, high-depth
resolution analysis of light elements (e.g. boron) [64]. The sensitivity is sufficient to
measure light elements down to 100-1000 ppm (5× 1018 − 5× 1019 /cm3).

2Practically, a model for the depletion capacitance may also be used. The choice of using a
calibration wafer is actually driven by the need to correct for wafer-probe distance dependence
and other measurement artifacts.
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1.3. Optical probes for USJ characterization

X-Ray Photoelectron Spectroscopy (XPS) has a detection limit of 1019 − 1020 /cm3

over a 1-10 nm sampling depth and provides information about the chemical environment
(e.g. cluster) of the probed atom [186]. Profiling is only possible if associated with a
sputtering technique.

Elastic Material Probe (EMP) is a non-destructive characterization technique. A
single, non-penetrating, non damaging and non-conducting EM-Probe can be used to
determine the active doping concentration at or near the semiconductor surface (1-3
nm), based on a capacitance-voltage (CV) measurement [106]. The junction leakage can
also be assessed with conducting EM probes by measuring current-voltage (IV) curves
with two probes. Conducting EM probes can be also be arranged in a four point probe
configuration to measure the sheet resistance [107].

Resonant electron tunneling (RET) scanning probe microscopy is an emerging two
dimensional active dopant imaging technique [26]. Like SSRM, the measurement is done
on a sample cross-section (cleaved surface). This method makes use of a discrete energy
level of an adsorbed molecule (fullerene C60) as a marker of the local Fermi energy (hence
sensitive to active dopants and surface states). Quantification is still in an early stage
of development.

High angle annular dark field (HAADF) in scanning transmission electron microscopy
(STEM) mode, was demonstrated to be able to characterize two-dimensional boron
dopant profiles in silicon [98]. The enhanced intensity in the images is attributed to the
strain fields produced by the substitutional boron atoms in the Si lattice.

Last but not least, Atom-Probe Tomography is a high sensitivity tool capable of
mapping three-dimensional atom distributions (including dopant atoms) in nanoscale
volumes of semiconductors [203, 202].

1.3 Optical probes for USJ characterization

Optical probes for USJ profiling have gained interest recently [1, 204, 161, 58] but it
remains unclear if they will be able to meet the ITRS requirements for the next 10 years.
Physical principles on light-matter interaction are “rediscovered” and new hardware and
deconvolution algorithms are designed for the characterization of ultra shallow doping
profiles.

In this section, we will review the three families of optical probes for the quantita-
tive characterization of USJs, namely Spectroscopic Reflectometry (SR), Spectroscopic
Ellipsometry (SE) and Photo Modulated Optical Reflectance (PMOR). Different com-
panies have given specific names to their implementation of the hardware/software to
differentiate between the particular conditions used (wavelength, modulation frequency if
relevant, etc.). For example, Model Based Infrared Spectroscopic Reflectometry (MBIR)
is a reflectometry technique developed by Advanced Metrology Systems (AMS) that op-
erates in the near infrared (NIR). Carrier Illumination (CI) and Therma-Probe (TP)
are both PMOR techniques but they use different external parameters (we will discuss
that later on). It is not obvious how to classify optical techniques. The measured signal
can be the reflectance (MBIR, CI, TP), the differential reflectance ∆R (CI, TP) or the
ellipsometric parameters (SE). Some techniques directly probe the equilibrium carrier
profile (MBIR, SE), while others probe a modulated carrier profile with a lock-in based
detection system (CI, TP) so as to improve the signal over noise ratio (Fig. 1.3).
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Figure 1.3: Lefts: Schematics of an optical probe. A pump can be added to probe a property
otherwise (almost) invisible. Depending on the technique, the reflectance (R), the ellipsometric pa-
rameters (∆, Ψ) or the differential reflectance (∆R) is measured. Right: Optical function spectrum
(ñ = n− ik) of undoped and doped (∼ 5× 1019 /cm3) silicon. The E1 (direct gap) and E2 (indirect
gap) transitions are indicated. The change in n,k becomes large in the infrared.

An important issue for USJ characterization with optical probes is the choice of the
probe wavelength. Basically, long wavelengths (infrared range) are needed in order to
increase the refractive index sensitivity to free carrier concentration (Fig. 1.3). The
refractive index (ñ = n − ik) variation with carrier concentration follows Drude’s law
(Sec. 3.3.2) and has a quadratic and cubic dependence on the wavelength, respectively
for its real (n) and imaginary (k) parts:

∆n ∝ N × λ2

∆k ∝ N × λ3

Inversely, wavelengths which are commensurate with the junction depth, which occurs
for visible wavelengths, are desirable for spectroscopic techniques (Sec. 3.4). In Sec.
3.4, we will show that the reflectance variation due to a small carrier concentration
change (∆N ∼ 1018 /cm3, ∆Xj ∼ 1 nm) is of the order of 10−6, which demonstrates the
necessity to use modulation techniques (the signal is measured through a high sensitivity
lock-in based detection system), like CI or TP. We will see, however, that reflectometry
and ellipsometry (which are non-modulated) show very promising capabilities to measure
USJs, as reported in literature.

In the next sections, we will first discuss the theoretical background of spectroscopic
reflectometry (SR) and ellipsometry (SE), which are conceptually very similar and can
be classified as equilibrium techniques. We will then introduce Photo Modulated Optical
Reflectance (PMOR), which can be seen as the modulated version of reflectometry. The
basic principles of equilibrium techniques and PMOR are illustrated in Fig. 1.4
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1.3. Optical probes for USJ characterization

Figure 1.4: In equilibrium techniques as well as in photo modulated optical reflectance (PMOR),
the reflectance results from the coherent addition of the light amplitudes that are reflected at depths
(z) where a refractive index gradient exists. Since the refractive index is a function of the carrier
concentration (Drude’s law), the latter is indirectly probed. Left: In equilibrium techniques, the probe
is directly sensitive to the equilibrium carrier profile. By varying the probe wavelength (λ), a spectrum
of the reflectance is obtained (R), from which the carrier profile can be potentially reconstructed.
Right: In PMOR, a pump laser injects charges and generates an excess carrier profile, which is a
functional of the active doping concentration. By changing a parameter, for instance the amplitude
of the modulated pump power, a spectrum of the differential reflectance (∆R) is obtained, from which
the active doping profile can be reconstructed - as will be shown in this thesis.

1.3.1 Reflectometry and Ellipsometry

In spectroscopic reflectometry (SR) and spectroscopic ellipsometry (SE), a model of
respectively the reflectance Rλ[N ] and the ellipsometric parameters (∆λ[N ], Ψλ[N ])
is optimized with respect to the carrier profile N(z) such as to match the measured
spectrum in function of wavelength3 λ. Practically, the carrier profile N(z) is modeled
as a material with multiple layers of thicknesses ti and refractive indices ni (Fig. 1.5).
The relation between the refractive index ni and the free carrier concentration Ni of each
layer is modeled by Drude’s law (see Chap. 3.3). At long wavelengths, the refractive
index also depends on carrier mobility (ñ = ñ[N,µ]). A general multi-layer model can
easily be written starting from Fresnel’s law [96] at each layer interface

rjkp =
`
nk cos(θj)− nj cos(θk)

´
/
`
nk cos(θj) + nj cos(θk)

´
(1.6)

rjks =
`
nj cos(θj)− nk cos(θk)

´
/
`
nj cos(θj) + nk cos(θk)

´
(1.7)

together with Snell’s law [96]

nj sin(θj) = nk sin(θk) (1.8)

where nj is the refractive index (in general complex) of layer j and θj is the wavefront
angle in layer j. The reflected amplitudes between layer j and k are given by rjkp and

3Note that for reflectometry, the reflectance needs to be calibrated on known samples while
ellipsometry is an absolute measurement.
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Figure 1.5: Principles of ellipsometry. The incident beam is linearly polarized such that both
a component parallel (Ep) and perpendicular (Es) to the incident plane exists. The parallel and
perpendicular polarization vectors will undergo different reflections (both in amplitude and phase
shift), depending on the sample reflectance, which itself depends on the in-depth refractive index
profile. The complex ratio ρ = rp/rs is measured.

rjks , respectively for the parallel and perpendicular polarization vectors. In the case of
a single-layer film, the reflected amplitudes are given by [96, 206]

rp,s =(r01p,s + r12p,s Z)/(1 + r01p,s r12p,s Z) (1.9)

where Z = exp(−i4πd1n1 cos(θ1)/λ) accounts for the propagation in the film. Multi-
layer models can best be derived using a chain-matrix approach (Ref. [96] and also in
Chap. 3.2).

In reflectometry, unpolarized (natural) light is used and the reflectance R (a real
number) is directly measured:

R[n] =
`
|rs[n]|2 + |rp[n]|2

´
/2 = |r[n]|2 (1.10)

In ellipsometry, the complex ratio ρ of the parallel and perpendicular reflected amplitude
is measured:

ρ[N ] = rp[N ]/rs[N ] = tan ψ[N ] ei∆[N ] (1.11)

Practically, ρ is described by the arctan of its modulus [Ψ = atan|ρ|] and its argument
[∆ = arg(ρ)]. The single-layer model is illustrated in Fig. 1.6 where Ψ, ∆ and R are
shown in function of the thickness d1 = Xj of a single-layer (box-like doping profile) at
various carrier concentrations and at four different wavelengths (50, 10, 2, 0.5 µm). It is
observed that the sensitivity to a profile variation increases with the wavelength, which
originates from the dependence in λ2 and λ3 respectively for the real and imaginary parts
of the refractive index. It will be shown in Sec. 3.2.1 that the spectroscopic information,
which is needed to reconstruct arbitrary profiles, however decreases at long wavelength.

One single value (R) in the case of reflectometry, or two (ψ,∆) in the case of el-
lipsometry are obtained for a measurement at given incidence angle and wavelength.
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1.3. Optical probes for USJ characterization

In order to obtain information about the full profile shape, it is necessary to vary an
external parameter, which is the light wavelength (λ) in spectroscopic techniques. A
spectrum ρ(λ) or R(λ) is therefore acquired over some spectral range and the carrier
profile N(z) is reconstructed by nonlinear optimization. Practically, a Mean Square Er-
ror (MSE) function of the difference between the measured and calculated reflectance (or
ellipsometric parameters) is minimized [43] using the Levenberg-Marquardt non-linear
regression algorithm [17]:

MSE =
1

2I

IX
i

ˆ
(Rc(λi)−Rm(λi))

2˜ (1.12)

for reflectometry, and

MSE =
1

2I

IX
i

ˆ
(Ψc(λi)−Ψm(λi))

2 − (∆c(λi)−∆m(λi))
2˜ (1.13)

for ellipsometry. The superscript c and m refer respectively to the computed and mea-
sured quantity and I is the number of wavelengths at which the measurements are made.

Let us now highlight a few implementations of spectroscopic reflectometry and ellip-
sometry and their capabilities for USJ characterization. In 1981, Senitzky [183] showed
that infrared reflectometry could be used for sub-micrometer epilayer thickness deter-
mination on a doped silicon matrix. More recently, Model Based Infrared Spectroscopic
Reflectometry (MBIR) by Advanced Metrology Systems (AMS) has shown promising
capabilities for sub-50nm doping profiles characterization [139]. MBIR uses a Fourier
Transform Infrared (FTIR) source to acquire a reflectance spectrum in the wavenum-
ber range 600-7000 /cm with a cooled Mercury Cadmium Telluride (MCT) detector.
Repeatability (load-unload) of measured thickness, free carrier concentration and mo-
bility is better than 10% for profiles deeper than 10 nm but is better than 1% for dose
(N ×Xj) determination. The correlation with SIMS thickness and FPP sheet resistance
measurements is rather good although inverse sheet resistance values with MBIR are
25% smaller than with FPP. Theses discrepancies are explained by a lack of knowledge
in the mobility or carrier mass [139]. Note that the dependence of the reflectance on
mobility comes from the imaginary part of the refractive index (see Chap. 3.3), which
becomes prominent at long wavelengths (Fig. 1.3) in doped layers.

Spectroscopic Ellipsometry seems more mature than reflectometry concerning USJ
characterization in view of the number of publications on the topic [73, 95, 43, 204, 161,
58]. Hardware implementation varies depending on each research group but there is
no fundamental difference between them. For example, as light source, some use white
light with a monochromator and detect the light intensity at all wavelengths with an ar-
ray of diodes, while others use a Fourier Transform Infrared Spectrometer (FTIR). The
ellipsometric parameters can be determined using various ellipsometric configurations,
like rotating analyzer ellipsometry (RAE), rotating compensator ellipsometry (RCE)
and phase modulation ellipsometry (PME). Conventional RAE measures quantities pro-
portional to tan ψ and cos ∆ and is thus very inaccurate when ∆ is near 0o or 180o,
which is the case for highly transparent materials like silicon in the NIR to visible range.
Introducing a compensator in RAE [96] or particular configurations in PME [43] allows
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Figure 1.6: Illustration of reflectometric and ellipsometric parameters sensitivity on doping con-
centration (N) and junction depth (Xj) of a doped film. The ellipsometry parameters Ψ and ∆ and
the reflectance R are shown on the left, center and right respectively. Four wavelengths are considered,
50 µm, 10 µm, 2µm and 500nm, belonging to the FIR, IR, NIR and visible (VIS) ranges respectively.
The calculations assume the Drude law (Sec. 3.3.2). Note that Drude’s law substancially deviates
from experimental observations in the IR and FIR range [157]. Typical experimental errors are (±
0.0005o, ±0.001o) for the ellipsometric parameters (Ψ, ∆), and ±0.0005 for the reflectance. Note that
the errors are strongly dependent on the wavelength.

20



1.3. Optical probes for USJ characterization

a good sensitivity near 180o. Errors on Ψ and ∆ depend on measurement conditions
and wavelengths but values as low as (±0.0005o,±0.001o) have been reported [96]. One
advantage of ellipsometry over reflectometry is that the “phase” information contained
in ∆ is very sensitive to the change in the layer properties [43, 204]. Another advantage
is that ∆ varies as the sine (rather than the cosine) of the junction depth (Fig. 1.6)
allowing for better junction depth sensitivity near the surface.

Damage depth profiling (amorphization due to ion implantation) is a rather con-
ventional measurement with ellipsometry [73, 95]. More recently, thickness and carrier
concentration determination of undoped epitaxially grown films (65 nm to 1.3 µm) on
highly doped substrates (1019) using near infrared (NIR) to visible (VIS) light (0.75-3
eV) with depth resolution as low as 2Å and carrier sensitivity of 4× 1017 /cm3 has been
demonstrated [43]. In the infrared range (IR) [1.67 µm (0.74 eV) to 16.7 µm (0.074 eV)],
dose [204, 205], sub-100nm junction depth and carrier concentration [161, 58] determi-
nation have also been demonstrated.

1.3.2 Photo Modulated Optical Reflectance

1.3.2.1 Generalities

Photo Modulated Optical Reflectance (PMOR) is a Modulation Spectroscopy (MS) char-
acterization technique, also called pump-probe technique, where the external modulation
variable is light intensity. Aspnes [11] and Pollak [163] have reviewed MS for semicon-
ductor characterization. They classify MS in function of the external modulation variable
(i.e. the pump) and the type of lineshape (i.e. shape of the spectrum in function of wave-
length) which is obtained. The most commonly used modulation variables are quoted
hereafter and we have indicated the lineshape type in parenthesis: temperature (1st
derivative of the reflectance), hydrostatic pressure (1st derivative of the reflectance),
light intensity (complicated), uniaxial stress (1st derivative of the reflectance), electric
field (3rd derivative of the reflectance and Franz-Keldysh oscillation) and magnetic field
(Landau levels) [163]. Note that Pollak uses the word “complicated” to characterize the
lineshape type of light intensity modulation. An explanation for this is that, even in
absence of modulation, light (or laser) action brings the sample out of equilibrium. This
is not the case for the other modulation variables previously cited. A system out of
equilibrium is more difficult to model than a system in equilibrium since the transport
of energy inside the system (by means of charged carriers or heat for example) has to
be taken into account (Fig. 1.7).

Photo Modulated Optical Reflectance is thus a pump-probe technique using light
intensity as modulation variable. The pump laser intensity is modulated at a given fre-
quency, which modifies the sample reflectance through light-matter interaction processes.
The probe laser measures the change in reflectance at the same modulation frequency (or
higher harmonics) through a lock-in based detection technique. PMOR is very similar
to reflectometry but the main advantage over non-modulated technique is its improved
sensitivity level, which enables one to measure changes in reflectance as low as 10−6.
This improved sensitivity is however made at the expense of a more complicated mate-
rial response and consequently results in a more complex modeling. In most materials,
the laser generates a thermal wave from which near surface depth information can be
extracted. Actually, in many applications, the denomination Photo Modulated Thermo
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Figure 1.7: PMOR is a nonequilibirum problem. Pump light interaction with the semiconductor
generates excess carriers and heat. The periodic steady state distribution of electrons, holes and
temperature will depend on the sample properties, including active donor (Nd) and acceptor (Na)
concentrations, mobility (µ), bulk recombination lifetime (τ), surface recombination velocities (v),
bandgap (Eg), heat diffusivity (D) and conductivity (k).

Reflectance (PMTR)4 is used instead of PMOR. In semiconductors, the picture becomes
more complex due to the generation of an electron-hole plasma, so that both a thermal
wave and a plasma wave are to be taken into account.

As in conventional (non-modulated) reflectometry, the reflectance of the sample can
be modeled as the one of multiple layers of thicknesses ti and refractive indices ni.
The relation between refractive index n and carrier concentration N is given in good
approximation by Drude’s law as previously mentioned. When the matrix is uniform (no
SOI or SiGe strained relaxed buffer) and the perturbation in refractive index is small5,
we will show (Chap. 3) that the reflectance can simply be expressed as a weighted depth
integral of the free carrier spatial derivative. Neglecting the temperature contribution
(which has a similar expression), the reflectance reads:

R[N ] = β

Z
cos(4πnz/λ) dN/dz dz (1.14)

While in conventional reflectometry, N(z) depends on the underlying active doping
profile through the potential Poisson equation (equilibrium), in PMOR, N(z) not only
depends on the active doping profile but also on all material properties which have
an impact on energy transport, since the pump laser generates electron-hole pairs. A
simple look at the drift diffusion equations (which are the most basic equations in order
to describe transport in semiconductors), shows that mobilities (µ), band gap (Egap),
affinity (χ), lifetimes (τ) of various recombination processes (SRH, Auger, etc.) will
affect the carrier transport so that N = N [Ndop, µ, τ, ...].

4or shortly Thermo Reflectance(TR). One should not confuse PMOR (or TR, or PMTR)
with Photo Carrier Radiometry (PCR) and Photothermal Radiometry (PTR), which measure
respectively the photoluminescence and the black-body radiation.

5This is usually the case in PMOR since, if the perturbation were large, there would be no
real need for using a lock-in based technique
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Since the pump power is modulated (usually with a sine form), the free carrier
concentration will also be modulated. The resulting reflectance is therefore a function
of time, but since the signal is fed to a lock-in amplifier, only the first (and possibly
the second) harmonic components of the signal, including amplitude and phase, are
measured:

R[N, t] = R0[N ] +
X
i

Ri[N ] cos(ωt+ φi[N ]) (1.15)

Practically, only the first harmonic (R1[N ]) and phase lag (φ1[N ]) are exploitable. The
second and third harmonics might also be exploitable but their phase lag are usually
too noisy to be useful. Higher harmonics might not even be detectable at all.

Figure 1.8: Variants of the Photo Modulated Optical Reflectance (PMOR) technique. Left:
General PMOR setup. The pump laser beam is intensity modulated and illuminates the sample. The
probe laser beam is reflected at the sample surface. It contains both dc and ac components. The dc
component is proportional to the reflectance R and the ac component is proportional to the differential
reflectance ∆R. Right: Illustration of three external parameters: the maxium pump intensity (Carrier
Illumination embodiement), the pump modulation wavelength and the distance between the pump and
the probe beam (Therma Probe embodiement).

At high modulation frequency (1 MHz), the amount of information contained in the
first harmonic amplitude and phase (two values) is enough to extract the junction depth
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and the active doping concentration of a box-like doping profile, as demonstrated with
Therma-Probe [146, 54, 22]. At lower frequency (2 KHz), like in Carrier Illumination, the
phase change is negligible and independent from the doped layer doping concentration,
so that there is not enough information to characterize even a single box profile. The
amount of information contained in the first few harmonics is anyway not enough for
arbitrary profile reconstruction. It is therefore necessary to vary an external parameter
(Fig. 1.8, not to be confused with the external modulation variable), as was already
the case with conventional reflectometry. An obvious choice is to vary the probe light
wavelength like in spectroscopic reflectometry but other choices are now possible due to
the presence of the pump. For example, the modulation frequency (not to be confused
with the optical frequency) can be varied from low (kHz) to high (MHz) values to obtain
information on recombination lifetimes and mobility [153, 135, 82, 84, 85, 221, 134, 171].
The distance (also called offset) between the probe and pump beams, as implemented
in Therma-Probe (TP), can also be used to obtain information on the diffusion length
[169, 15, 16, 172, 22]. In Carrier Illumination, it is the amplitude of the modulation itself
which is varied [1, 32], so as to progressively flatten the energy bands (and subsequently
the excess carrier concentration) in regions where the active doping concentration is
lower than the optically injected carriers concentration.

The success of a pump-probe technique usually depends on the ability to model
the sample response due to the pump modulation in a compact way (to limit the com-
putational time) and with a reasonable number of assumptions. If too many material
parameters play a role in the free carrier functional N = N [Ndop, µ, τrec, vrec, Egap, ...],
the accuracy on the primarily sought parameter, Ndop in our case, will be insufficient.
On the other hand, the sensitivity to many material properties is an advantage for basic
production process control, where just being aware of a change in sample property is
valuable as such [123].

As of today, none of the existing PMOR implementation for USJ characterization (CI
and TP) allows for the deconvolution of arbitrary doping profiles but important progress
has been made in this thesis for the deconvolution of restricted profile shapes. We also
briefly mention an attempt of two dimensional (lateral) profiling using CI [33, 36].

1.3.2.2 CI State of the art and objective

In this section, we summarize the work that has been done in relation to USJ charac-
terization with PMOR prior to the beginning of this thesis, except when it is explicitly
mentioned that the specified work is the personal contribution of the author. The ob-
jectives of this thesis are also presented in direct relation to what is missing in the state
of the art.

Carrier Illumination (CI), which is a particular implementation of PMOR, was in-
vented by Peter Borden and Regina Nijmeijer [1] in 1999 and patented in November
2001 by Boxer Cross Incorporated. It is described as an “Apparatus and method for
determining the active dopant profile in a semiconductor wafer”. Boxer Cross Inc. was
founded in 1997 and its main product is the BX-10 Source/Drain and Ultra-Shallow
Junction Measurement System. In April 2003, Boxer Cross was acquired by Applied
Materials as a result of a patent lawsuit with Terma-Wave, its direct competitor. CI’s
working principles are indeed closely related to Therma-Probe (TP), which is a “Method
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1.3. Optical probes for USJ characterization

and apparatus for evaluating surface conditions of a sample”, invented by Rosencwaig
and Walter, and patented by Therma wave Inc in 1987 [3]. The patent claims that the
“The system is also capable of measuring ion implanted dopant concentrations prior to
annealing”. As a result of a patent lawsuit with Boxer Cross Inc. and later with Applied
Materials, Therma-Wave Inc. was acquired by KLA-Tencor in July 2007.

Carrier Illumination (CI) is thus a particular implementation of PMOR. It is suited
for probing highly doped (> 1018 /cm3) ultra-shallow junctions (Xj < 70 nm). In our
experimental setup6, the probe laser (λ = 980 nm, 1.5 µm radius) shines at a constant
irradiance of 8.06× 105 W/cm2 (57 mW). The pump laser (λ = 830 nm, 2.2µm radius)
is operated at a fixed pump modulation frequency in the quasi-static regime (2 kHz),
with the peculiarity of varying the maximum irradiance in the range 1× 104 (1.5 mW) -
3.79×105 W/cm2 (57.6 mW). The differential probe reflectance in function of the pump
power (or irradiance) has been called “power curve” [1] and contains information on the
underlying in-depth active doping profile.

A tool with these characteristics, one of the first versions built by Boxer Cross, was
installed in the cleanroom of IMEC. Other implementations exist but the differences are
not fundamental (different power range).

The idea of taking advantage of thermal and plasma waves for semiconductor char-
acterization by photo modulated optical reflectance (PMOR) was actually first proposed
by Rosencwaig [167, 168, 165, 166, 169], and Fournier [91, 94, 197, 92, 93] in the early
eighties. Plasma and thermal wave depth profiling in nonactivated (no electric field)
semiconductors was investigated by several authors [152, 153, 150, 151, 173, 174]. In-
vestigation of active dopant profiling in semiconductor with PMOR (either TP or CI) is
however much more recent [31, 215, 28, 29, 32, 172, 146, 147, 216, 36, 51, 52, 54]. These
publications demonstrate the sensitivity and correlation of the PMOR signal to active
dopant concentration and junction depth but theoretical development to understand the
signal dependence in function of pump power or pump-probe separation distance is still
very tentative. At that stage, PMOR was used as a process control tool, indicating
process variability without giving quantitative information on the active doping profile.

However, extended theoretical work has already been made in order to understand
the linear and nonlinear plasma and thermal dynamics for nonactivated doping profiles
(no electric field). These theories involve the resolution of the diffusion equation in
various dimensionalities, with or without nonlinear recombination terms7. For example,
Forget and Wagner have studied the nonlinear one-dimensional [84, 85, 83, 87, 223, 222]
and three-dimensional [86] response of a homogeneously doped semiconductor under
intense laser illumination. These publications are very instructive in order to understand
the impact of various generation/recombination processes (Auger, surface recombination
velocities, etc.), but none of these treatments allows a quantitative determination of the
plasma concentration or temperature due to the strong assumptions (e.g. photon flux
modeled as boundary condition) made in deriving the analytical solutions. Christofides
[46] has studied the three-dimensional (axisymmetric) linear carrier and temperature

6In the implementation of Therma-Probe, the pump laser (λ = 790 nm, 0.5 µm radius) is
operated at a fixed pump modulation frequency (1 MHz) and power (12 mW), The probe laser
(λ = 670 nm, 0.5 µm radius) shines at a constant power of 2.5 mW. The possibility to spatially
separate the pump and probe beams by at maximum 2µm is also implemented [4].

7Mandelis’ book on Diffusion-Wave Fields [137] is a recommended reference in this field.
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dynamics in the case of a two-layer recombination lifetime and mobility profile. Linearity
is an assumption we cannot afford with CI since we are precisely interested by the
nonlinear aspects of the power curve. More recently, Mandelis [136] presented a nonlinear
model for the temperature dynamics in a three dimensional geometry.

The impact of the electric field resulting from the spatial variation of the active
dopant concentration has been much less studied. Lucovsky [129] has calculated the
radial dependence of the junction potential under low irradiance (resulting in junction
photo voltage changes less than the thermal voltage). Wagner has studied the nonlinear
intensity dependence of the surface electric field assuming that the field modulation is
much smaller than the steady state electric field [220]. Mandelis [133] has calculated
the junction potential variation due to the one-dimensional in-depth diffusion of the ex-
cess carriers under low irradiance (resulting in junction photo voltage changes less than
the thermal voltage). Although Lucovky’s calculation [129] is the key of the success of
the Junction Photo Voltage technique for sheet resistance measurements, as mentioned
in Sec. 1.2.6, it is of no use when working at high illumination irradiance. Similarly,
Mandelis’s and Wagner’s calculations [133] assume low irradiance and therefore cannot
be used for our purpose. The presence of the electric field at the junction, although
strongly reduced due to the high excess carrier concentration level (the field modulation
is of the same order of magnitude as the equilibrium electric field), is however essen-
tial in order to explain the sharp excess carrier variation at the metallurgical junction
[29], which leads to the observed cosine response [51] of the CI signal in function of
the metallurgical junction depth (Fig 1.9). Note that a sharp spatial variation of the
recombination lifetime does not lead to a sharp variation in carrier profile or refractive
index, and consequently does indeed not lead to the observed cosine response.

Therefore, an accurate modeling of the plasma and temperature dynamics has to
include the electric field description besides nonlinear effects in the generation, recombi-
nation and mobility mechanisms. The accurate modeling of the electric field necessarily
involves the resolution of Poisson’s equation for the potential, which is strongly nonlinear
and coupled with the electron and hole continuity equations (the so called drift-diffusion
equations). At the best knowledge of the author, there is no closed form solution to these
equations for a p-n junction far from equilibrium. The assumption that the quasi Fermi-
levels remain flat throughout a p-n junction under illumination, can however strongly
simplify the treatment of carrier transport through the junction [89]. This approach has
not been used in the past in the context of USJ characterization with PMOR but will
be investigated in this thesis.

The understanding of the direct problem - i.e. predicting a CI power curve of known
active doping profiles - was thus very tentative at the beginning of the present work.
Processes involving plasma and temperature needed better understanding in order to
reproduce the fine details of a power curve. The problem is essentially three dimensional
(though axisymmetric) due to the small laser beam radius (∼ 1µm) compared to the
typical diffusion lengths encountered in the sample (hundred of microns down to less than
a micron). It is strongly nonlinear due to the recombination processes at high free carrier
concentration and the presence of a position dependent electric field. Furthermore, the
temporal behavior of the signal, observed by Opsal et al. [149, 154], perturbs the
power curve shape in a way that was not well understood. In other words, we need to
understand what affects the power curve (sample size, bulk and surface recombination
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Figure 1.9: CI signal correlation with junction depth. Figure from Clarysse, Dortu et al. [51].

CI-signal vs. SIMS junction taken at SIMS level of 1019 atm/cm3, for CVD layers with different
thicknesses and dopant concentration levels. Labels indicate the electrically active peak carrier levels
(peak dopant concentration levels are typically a factor of two higher).

center, surface oxide, charge trapping, etc.) and to what extent. This thesis aims at
solving, or at least identifying, all these issues.

Obviously, one is ultimately interested in solving the inverse problem, i.e. recon-
structing active doping profiles from measured power curves. Since the understanding of
the direct problem was insufficient at the beginning of this work, solutions to the inverse
problem were, so to speak, inexistent. It is, however, worth mentioning the interesting
work of Salnick on the reconstruction of arbitrary recombination lifetime and diffusivity
profiles based on modulation frequency spectrum [171] using a two-dimensional Broyden
method [97]. In this work as well as in most metrology techniques (e.g. SRP or ellipsom-
etry), the solution of the inverse problem is based on iterations on the direct problem.
A similar approach will also be proposed in this thesis. We have also published a simple
method based on power curve feature extraction [70, 67, 68, 50]. Even if the direct
problem can be solved with enough accuracy with a fully coupled drift-diffusion finite
element method (FEM) approach, a compact model is preferred for practical computa-
tional speed limitations. Furthermore, compact models are also very useful to clearly
identify essential parts of the model, which are often hidden in a fully coupled FEM
approach. In this thesis, compact models and algorithms for the inverse problem will
be developed and their limitations will be investigated. Limitations of arbitrary profile
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reconstruction mainly comes from the lack of information contained in the measured
spectrum, i.e. the power curve in the case of CI. In this thesis, we will also propose
a new measurement approach, albeit based on a power curve, and a procedure for the
reconstruction of arbitrary non-retrograde monotonic profiles.

1.4 Content

The central objective of this thesis is to transform Carrier Illumination (CI) from a
qualitative process control tool into a quantitative method for inline and offline char-
acterization of sub-100 nm active doping profiles in semiconductors. This work has
essentially been subdivided in three subtasks.

The first task concerns experimental data acquisition. Most of the samples analyzed
in this thesis have been grown by Boron doped Chemical Vapor Deposition (CVD) by the
epi-group of IMEC. Ion-implanted wafers with post-annealing have also been analyzed.
The samples were measured with Carrier Illumination (on the BoxerCross BX-10 tools
installed at IMEC and at Applied Materials) by my care, or by people from the electrical
characterization group of IMEC8. Most samples were also measured with SIMS, SRP,
FPP or RsL by people from the characterization group of IMEC.

The second task is devoted to understanding the direct problem (Chapter 3 to 6).
Physical processes that are relevant for the description of the CI signal are highlighted
and a detailed discussion of their impact is presented. For this purpose, numerical
solutions of the drift-diffusion equations are used and compact models are developed.

The third task concerns the inverse problem (Chapter 7). Different methodologies
are presented and assessed with respect to their accuracy and limitations. In practice
all these tasks have been concomitant, but, for clarity, we present them in the following
order. Chapter 2 contains a description of the BX-10 experimental setup (hardware)
and measurement conditions that we have used. Chapter 3 details the optical model-
ing, i.e. everything which is in relation with the sample optical functions. It includes
the calculation of the sample (differential) reflectance and the constitutive relations be-
tween the state of the material (carrier concentration, temperature, surface charges)
and its refractive index. The chapter is concluded by a discussion on the wavelength
dependence of the sensitivity to doping profile variations. In chapter 4, we present the
material modeling, i.e. the transport equations of carrier (plasma) and heat throughout
the sample under laser light excitation, and the material (silicon) constitutive equations
(relation between mobility, bandgap, etc. and carrier concentration, temperature, etc.).
We aslo present a finite element code for semiconductors (FSEM), which we have specif-
ically developed for solving our model. In chapter 5, The numerical solutions obtained
for uniformly and nonuniformly doped structures are compared with experimental data.
Special attention is payed on the impact of bandgap narrowing, mobility, bulk and sur-
face recombinations, and surface charges. In chapter 6, we develop two approximated
solutions (or compact models) and discuss their domain of validity. The first approx-
imation is based on a two layer nonlinear diffusionless model and provides insight on
limit cases of the carrier dynamics. The second approximation is based on the Flat
Quasi Fermi-Level (FQL) approximation and permits to obtain accurate solutions in

8Samples measured prior to my arrival at IMEC in December 2002.
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a reasonable amount of time by decoupling the solutions in the substrate and in the
doping profile. Chapter 7 is devoted to the solution of the inverse problem. Three
different methodologies are presented. First, we present a simple algorithm based on the
exploitation of two parameters of the power curve (e.g. the derivatives at low and high
powers), which permits the independent extraction of junction depth and active doping
concentration of box-like profiles. We also estimate the random errors on the extraction
of the junction depth and the active doping concentration by a Monte Carlo approach.
Second, we propose a method based on Levenberg-Marquardt nonlinear optimization to
match simulated (three-parameter doping profiles and FQL approx.) with experimental
power curves. Finally, a new kind of power curve measurement is proposed together
with a self-consistent backward (high to low power) deconvolution algorithm allowing
for monotonic non-retrograde doping profile reconstruction.

29



1. INTRODUCTION

30



Chapter 2

Experimental setup

In this short chapter, the hardware setup and the measurement conditions of Carrier
IlluminationTM are described. The choice of specific design features (pump and probe
wavelengths, radii, modulation frequency, etc.) is briefly explained but will appear more
evident in Chap. 3 and 4.

2.1 Hardware setup

The Carrier IlluminationTM (CI) metrology apparatus is described in a United State
Patent entitled “Apparatus and method for determining the active dopant profile in a
semiconductor wafer” [27]. Different embodiments are described therein but, in this
thesis, only the first embodiment, which corresponds to the CI BX-10 installed at IMEC
in November 2001, is considered.

In reference to Fig. 2.1, and using the same notation as in the patent, the apparatus
hardware setup and working principles are as follows. Both the output beams of the
probe (501) and pump (505) lasers are collimated using a lens (502 and 507 respec-
tively) to provide a collimated beam (152 and 151 respectively) with a diameter of 3
mm. The probe lens (507) is mounted on a positioner (not shown) for aligning the pump
beam (151) with respect to the probe beam (152).

The probe (152) and the pump (151) beams are combined using a dichroic splitter
(510) forming a superposed beam (511). The superposed beam passes through a 50:50
beam splitter (512) which directs a portion of it to the detector. The remainder of
the beam passes successively through a 90:10 beam splitter (514) and an objective lens
(515) which focuses the beam onto the wafer (516). Note that because of chromatic
aberration, the focal planes of the probe and pump beams differ slightly. The size of
the focal spot of the probe beam (1.5 µm) is smaller than the one of the pump beam
(2.2 µm) by virtue of the shorter wavelength of the pump beam. The top surface of the
wafer (516) is placed in the focal plane of the probe beam, so that the pump beam will
be slightly out of focus and its spot size will be larger in diameter and fully overlay the
focal spot of the probe laser.
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2. EXPERIMENTAL SETUP

Number Description
151 Pump or generation beam.
152 Probe or background beam.
153 Front surface.
501 Probe laser diode (InGaAs-GaAs, 980 nm).
502 Probe laser lens for collimation (3 mm radius).
505 Pump laser diode (AlGaAs, 830 nm).
507 Pump laser lens for collimation (3 mm radius).

Include a positioner to move 151 wrt 152 (alignment).
510 Dichroic splitter (= partially transmissive).
512 50:50 beam splitter.
516 Wafer.
511 Superposed beam.
522a Probe beam detector (silicon PIN photodiode

with peak response at 900 nm).
Convert signal into current.

514 90:10 beam splitter.
515 Objective lens for focusing: 1.5 and 2.2 µm radius for

the probe (focused) and pump (slightly out of focus) resp.
520 GaAs bandpass filter which blocks the light from the pump (151) but passes

the light from probe (152).
523a Converts current to an amplified current.
524 Amplifier.
525 Lock-in amplifier (EG&G Model 7265 DSP).
526 Pump (505) laser driver.
527 Computer + interface to get amplitude and phase.
517 lens.
518 Camera.
529 Stage (x,y) and z for focus.

Table 2.1: Experimental setup components. The notation is the same as in Carrier Illumination
US patent [27].

The light reflected from the wafer (516) passes back successively through the objec-
tive lens (515), the 90:10 beam splitter (514), and into the 50:50 beam splitter (512).
Half of the light reaching the beam splitter (512) is directed back through a GaAs band-
pass filter (520), which blocks the light from the pump beam but passes the light from
the probe beam. The probe beam detector (522a) is a photocell (silicon PIN photodi-
ode) which converts the incident interference signal into a current. An amplifier (523a)
amplifies the current which is then sent to a second amplifier (524) which, in turn, is
coupled to a lock-in amplifier (525).

The lock-in amplifier (525) includes a reference oscillator at the lock-in detection
frequency (1-2 kHz). This oscillator is coupled to a laser driver (526) to provide a signal
to the pump laser (505). The lock-in amplifier then provides a computer (527) (through
a GPIB interface) with the amplitude as well as the phase of the fundamental (or first)
and second harmonics of the reflected beam (lock-in EG&G Model 7265 DSP is able to
provide two harmonics in a single measurement; the dc component can also be obtained
as an independent measurement).

After this formal description of the hardware setup, it is interesting to discuss the
choice of the wavelengths for the probe (background) and the pump (generation) lasers
(Tab. 2.2).

The pump wavelength should be short enough, i.e. photon energy larger than the
bandgap, for two reasons. First, a sufficient amount of excess carriers (1018 /cm3)
has to be generated in the sample in order to cause a detectable change in differential
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Figure 2.1: Experimental setup of the Carrier Illumination BX-10 apparatus. The notations

correspond to the first embodiment of apparatus described in patent [27] and are described in Tab.

2.1. The parallel lines orthogonal to the laser beam direction symbolize the modulation wavelength

and not the light wavelength. Note that the modulation wavelength is actually much larger (about

105 m and 102 m at 1kHz and 1MHz respectively ) than represented on the figure (the apparatus

dimensions is of the order of the meter).

(harmonics) reflectance. Second, the absorption length (15 µm in silicon at 830 nm)
should be shorter than the substrate thickness (200 - 600 µm) in order to avoid side-
wall effects (impact of back-surface reflection and carrier recombinations). Inversely, the
wavelength should not be too short for two reasons. First, the photon energy in excess
of the bandgap should be limited in order to minimize heating by hot carriers. Second,
the absorption length should be several times larger than the junction depth so that the
main fraction of the excess carriers is generated in the substrate (See discussion on the
flat quasi Fermi levels in Chapter 6).

The probe wavelength should be short enough, i.e. photon energy larger than the
bandgap, in order to ensure that the absorption length (200 µm in silicon at 980 nm) is
short enough, so that negligible reflection from the back surface of the wafer occurs. The
ac reflection at the back surface, due to the long propagation range of the plasma and
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λ 1/λ Energy radius Irradiance Power Mod. Freq.
(nm) (/cm) (eV) (µm) (W/cm2) (mW) (kHz)

Probe 980 10204 1.27 1.5 8.06× 105 57 (non-modulated)
Pump 830 12048 1.49 2.2 3.79× 105 57.6 2.0

Table 2.2: Properties of probe and pump laser beams in convenient units.

the thermal waves at low modulation frequency, would strongly complicate the signal
response. The choice of the probe wavelength has also an impact on the reflectance
sensitivity to small changes in the profile and is discussed in Sec. 3.4. The carrier
injection level, which depends on both the irradiance and the absorption coefficients
(and consequently the wavelength) of the probe and the pump lasers, is related to the
dynamic range for profile reconstruction and is discussed in Sec. 7.4.

Note that many other choices of wavelengths are possible and it is not mandatory to
have λprobe > λpump. For example, in Therma-Probe, λprobe = 670 nm is smaller than
λpump = 790 nm.

2.2 Measurement conditions

Two different acquisition modes are used throughout this thesis. The power curve and
the charging curve modes. In the power curve mode (Fig. 2.2), which Carrier Illumina-
tion is initially designed for, the signals (dc, first and second harmonics of the reflected
intensity) are measured in function of the modulation amplitude of the pump laser power.
In the charging curve mode (Fig. 2.3), the signals are acquired in function of time, at a
constant modulation amplitude of the pump laser, which is nothing else than a repeata-
bility measurement. The denomination charging curve comes from the observation that
the wafer response changes depending on the amount of energy it has received, which is
attributed to charging of the silicon oxide surface (Fig. 2.6). An extended discussion of
this phenomenon follows in Sec. 5.1.

In both modes, the detector signal is fed into a lock-in amplifier which is primarily
configured to measure the fundamental harmonic with respect to the pump laser excita-
tion (Fig. 2.5a). However, besides the first harmonic signal, modern lock-in amplifiers
are also able to measure the second harmonic (Fig. 2.5b) at the same time. The second
harmonic signal results from the nonlinearity of the sample response with respect to the
pump power. It is also possible to measure the dc signal (Fig. 2.4) as an independent
measurement, which is used to normalize the harmonic signals.

Practically, the measurement mode is determined by the laser power control. The
pump laser (505) power is controlled by a time-dependent input current delivered by the
laser driver (526). The conversion from input laser current to illumination power at the
wafer plane is based on a calibrated linear relation, described in details in App. A.1:

P = (I − Ith)× S (2.1)

where Ith is the threshold current (21 mA) needed for the laser to start lasing and S =
0.65 mW/mA is called the slope factor. A maximum current of 110 mA can be fed to
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the pump laser, leading to P=57.6 mW. As for the probe laser, it is mostly operated at
a constant power of 55 mW.

When a power curve is acquired, the modulation amplitude of the pump power is
increased from 0 to 3.79×105 W/cm2 (56.7 mW) in typically 22 steps of 1.72×104 W/cm2

(2.58 mW) (Fig. 2.2) and the signals (dc, first and second harmonics) are recorded at
each step. When a charging curve is acquired, the modulation amplitude of the pump
power is kept constant during the measurement at some value between 0 and 56.7 mW,
and the signals are recorded at a regular interval (Fig. 2.3). At each measurement step or
interval, the signal is acquired by the lock-in amplifier by integrating the rectified signal
over some integration time of typically 50 to 1000 ms, i.e. the root mean square (rms)
value of the time dependent signal is actually measured. Practically, a waiting time
(or settling time) of typically 300 ms is recommended before starting the integration in
order to let the pump laser stabilize. Note that a large integration time is recommended
to increase signal to noise ratio. On the other hand, the amount of surface charging will
increase with integration time.

The energy received by the sample can be calculated taking into account the duty
time (DT) of each measurement, which includes the settling and measurement times, and
the time shape of the probe (constant at 57 mW) and pump (sine with given amplitude)
intensities:

Ei = (Pprobe + Pmaxpump/2)×DT × i (2.2)

where Ei (J) is the total illumination energy given to the sample after the ith measure-
ment.

The raw data which is read out of the lock-in amplifier is given in Volts (actually
µV ) and is proportional to the dc, first and second harmonic components of the current
flowing through the PIN diode detector. The phase lag of the first and second harmonic
components, with respect to the pump, is read out in degrees (R-Theta mode lock-
in). A current amplifier, placed between the PIN detector and the lock-in, amplifies
the dc and the harmonic components differently. Practically, the dc component is first
acquired without a pre-amplification gain (Gdc = 1). The first and second harmonic
components are acquired with an adaptable pre-amplification gain (Gac). For silicon, a
gain Gac = 25 = 32 is found to maximize signal over noise ratio, without saturating the
lock-in amplifier.

A typical dc value is 5 V for silicon and 8 V for germanium, indicating the higher re-
flectivity of germanium with respect to silicon. Typical first (rawR1) and second (rawR2)
harmonic values are less than 0.05 V and 0.0005 V respectively, keeping in mind that
these amplitudes include a pre-amplification gain Gac (Fig. 2.5). The different order of
magnitudes of the signals are shown in Fig. 2.7. In order to deal with physical quanti-
ties, i.e. the harmonic reflectance, the first (R1) and second (R2) harmonic values can
be normalized with the dc value, taking the different gain factors into account, in the
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following way1:

R1 =
rawR1/Gac

DC/Gdc
(adim) (2.3)

R2 =
rawR2/Gac

DC/Gdc
(adim) (2.4)

The phases of the first (Theta1) and second (Theta2) harmonic signals are also
measured by the lock-in, but the variations with respect to doping profile changes are
negligible. Only variations of ±k π (k is an integer), which indicate a change in sign
of the reflectance response with respect to the pump power, are taken into account in
order to sign the signals (Fig. 2.5)2. Detailed information on how the sign is calculated
is delayed to Sec. 3.1. Details on the resolution and precision of the measurement are
given in Tab. 2.3. The resolution is imposed by the lock-in amplifier and depends on
the chosen dynamic range. The resolution of the dc signal in units of R is calculated
as resR = res/DC × R (where res is the resolution in volts, DC is the dc lock-in read
out in volts at maximum power and R=0.318 is the known silicon reflectance). The
resolution of the first harmonic signal in units of ∆R/R is calculated as res∆R/R =

res∆R/DC×0.25×2
√

2/32 (where res∆R is the ac resolution in volts, DC is the dc lock-
in read out in volts at maximum power and the other multiplying factors are explained
in Sec. 3.1 and 5.2.1). The precision is measured from charging curves (see Sec. 5.1).
It does not only depends on noise at the detection stage but also on the laser power
stability. The large value corresponds to the BX10 installed at IMEC, while the smaller
value corresponds to the latest BX10 build and installed at Applied Materials, Santa
Clara (CA). The increased precision of the later mainly comes from enhanced laser
stability.

dc 1st harm.
resolution (V) 4.0× 10−4 V 5.0× 10−5 V

resolution (phys.) 2.3× 10−5 (u. of R) 2.0× 10−7 (u. of ∆R/R)
precision (phys.) resolution limited ' 3× 10−6 − 1× 10−5 (u. of ∆R/R)

Table 2.3: Resolution and precision of dc and first harmonic signals. The resolution is given in

volts (lock-in read out), and in units of R for the dc signal, and in units of ∆R/R for the harmonic

signal.

1Note that the legacy calculation of the signal, as given by the BX10 software, faultily forgot
to take the ac and dc different gain factors into account. Furthermore, the (wrong) normalized
value were reported in µV although they should have been adimensional. More information on
the legacy signal calculation can be found in App. A.1

2If a real phase shift (corresponding to a signal lag) is superposed to a phase shift due to a
change of signal sign, it may become difficult or even impossible to sign the signal except if the
phase lag remains small.
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Figure 2.2: During a power curve measurement, the modulation amplitude of the pump irradiance

is typically increased from 0 to 3.79× 105 W/cm2 by steps of about 1.7× 104 W/cm2 (lower part of

the figure). For each data point of a power curve measurement, the system is stabilized during a given

time (typically 300 to 600 ms), called the settling time. The measurement starts after the settling

time and the signals are integrated during an acquisition time of typically 100 ms (corresponding to

200 modulation periods at 2kHz). For each power, the signals (dc, rawR1 and rawR2) are recorded but,

usually, only rawR1/dc is used.
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Figure 2.3: During a charging curve measurement, the modulation amplitude of the pump irra-

diance is kept constant at some value ranging from 0 to 3.79× 105 W/cm2 (lower part of the figure).

Like for a power curve, the system is stabilized during a given time (typically 300 to 600 ms), called

the settling time. The measurement starts after the settling time and the signals are integrated during

an acquisition time of typically 100 ms (corresponding to 200 modulation periods at 2kHz). Since

the pump power is kept constant, the signal stabilization during the settling time is actually not ab-

solutely mandatory. For each power, the signals (dc, rawR1 and rawR2) are recorded but usually, only

rawR1/dc is used.
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Figure 2.4: Carrier Illumination measurement mode: dc power curve. A dc power curve is

simply the reflectance as a function of the pump laser power. This mode is useless for silicon samples

(left) since the change in dc reflectance is very small, although a little decrease in reflectance can be

observed, which corresponds to a slight decrease in refractive index (plasma contribution dominates).

In germanium samples (right), an increase in reflectance is observed, which corresponds to an increase

in refractive index (temperature contribution dominates).
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Figure 2.5: Carrier Illumination measurement mode: harmonic power curve. A power curve is the

fundamental harmonic of the reflectance in function of the amplitude of the pump laser intensity (a).

This is the conventional measurement with Carrier Illumination. As CI is a fast and non-destructive

technique, a two-dimensional map (contrast map) of a wafer can easily be obtained and can be used to

qualitatively control the uniformity of a process. The second harmonic component of the signal is also

acquired during a measurement, (b) and is generally 10 to 100 times smaller than the fundamental

harmonic. The signal phase is also available. When there is no signal phase lag (quasi static regime),

the first harmonic phase is equal to 0 ± k π so that the signal can be signed. The dynamics of the

second harmonic signal is yet not well understood so we do not sign it. Samples: CVD2 C 1.13, Site

1 and 49 sites for the map. See App. A.16.
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Figure 2.6: Carrier Illumination measurement mode: charging curve. A charging curve is the

fundamental harmonic of the reflectance in function of the total photon energy given to the wafer.

The amplitude of the modulated pump is kept constant. Each data point corresponds to a duty time

(both probe and pump illuminate the wafer) of 0.7s. The energy is the time integration of the probe

and pump laser powers during the duty time. Note that the charging curve is made of a total of 1000

data points, each of 0.7s, but not all data points are shown for a question of clarity. Sample: CVD1

A 2.10. See App. A.16.
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Figure 2.7: Comparison of the dc, first and second harmonic component magnitudes (the different

gains for the dc and the hamonics signals are taken into account). The first harmonic is typically

three to four orders of magnitude smaller than the dc component. The second harmonic is typically

one to two orders of magnitude smaller than the first harmonic. Samples: CVD2 C 1.13 (left) and

CVD2 C 1.9 (right). See App. A.16..
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Chapter 3

Optical modeling

This chapter is the first of the series (Chap. 3 to 6) which treats the direct problem. In
particular, the optical and the material models are developed in Chap. 3 and 4 respec-
tively, and their solutions are studied in Chap. 5 (numerical) and 6 (approximations).

The direct problem we want to solve is as follows. Given a semiconductor sample, e.g.
silicon, doped in some way (CVD, ion implantation, plasma doping, etc.) resulting in
a one-dimensional in-depth active doping profile (no variation in the lateral direction),
and given a probe and a modulated pump laser beams (characterized by their radii,
wavelengths, modulation frequency and power) illuminating the sample, what are the
harmonic components of the reflectance of the system? The problem is split into four
parts (Fig. 3.1), which we first introduce in a causal order (excitation first, response
last):

1. the probe laser and the modulated pump laser illuminate the sample, which gen-
erates a plasma and a thermal wave in the sample.

2. the plasma and the thermal waves build up a change in refractive index profile.

3. the refractive index profile determines the sample reflectance.

4. the Fourier (harmonic) components of the reflectance are measured with a lock-in
based detection system.

The causal order is also the order used to chain the calculations, and, therefore, may
appear as the natural order to present the modeling. However, we have decided to
present the four modeling parts in a backward order (response first, excitation last), for
the following three reasons. First, the backward order corresponds to a more heuristic
approach. Imagine the researcher in his lab, looking at the response given by the lock-
in amplifier and wondering why the signal changes, as samples with different doping
profiles are placed under the lasers. He will deduce that the variations of the lock-in
response are due to a change in the sample reflectance, which is itself determined by
the in-depth profile of the refractive index, which, finally, is a function of the interaction
between the pump beam and the doped sample. The backward order therefore appears
as the more natural sequence to understand the problem. The second reason is that the
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3. OPTICAL MODELING

Figure 3.1: The four steps of PMOR modeling. The causal approach: starting from the top of

the cartoon and turning clockwise. Material modeling: the electron (N), hole (P) and temperature

(T) distributions are calculated as a function of the laser parameters {Pext} and sample properties

{Pint}. Optical modeling: the complex refractive index (ñ) profile is calculated from the plasma and

temperature distributions. Then, the reflected amplitude (r̃) is calculated from the complex refractive

index profile (ñ). Finally, the Fourier components (Rdc, R1 (φ1) and R2 (φ2)) are calculated from

the reflectance (|r̃|2). The backward approach, i.e. starting from bottom left and turning counter-

clockwise, is actually used for the presentation of the models in this thesis.

backward order corresponds to going from a macroscopic (optical modeling) to a mi-
croscopic (material modeling) view of the problem with increasing modeling complexity,
i.e. from wave optics to complex finite element modeling of electro-thermal processes.
The last reason is that Chap. 4 (material modeling) and the following (Chap. 5 to 7)
are discussed in terms of microscopic material properties (the active doping profile, but
also the recombination lifetime, etc.), so that it is more advantageous to hold them close
together.

This chapter therefore treats the three aspects of the optical modeling in the fol-
lowing order. In Sec. 3.1, the Fourier components of the reflected intensity are calcu-
lated. In Sec. 3.2, the calculation of the complex amplitude of the reflection coefficient
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(or the reflectance complex amplitude) is proposed in three different approaches (first-
order approximation, Maxwell wave equation, and chain-matrix approach). In Sec. 3.3,
the constitutive equations of the complex refractive index as a function of temperature
(Jellison’s model) and of carrier concentration (Drude’s classical and Schumann’s semi-
classical models) are presented. The latter section is actually at the edge of the optical
and material modeling, but we have chosen to include it in this chapter in order to be
able to discuss the sensitivity of the reflectance with respect to a variation in the carrier
profile, which is done in Sec. 3.4.
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3. OPTICAL MODELING

3.1 Fourier Components (signals)

In this section, the Fourier components of the reflectance R(t) = r(t)2, namely Rdc, R1

and R2 and their respective phase shifts φ1 and φ2 are computed, considering the time
dependent reflected amplitude r(t) is a priori known (Fig. 3.2).

Figure 3.2: The Fourier components (Rdc, R1 (φ1) and R2 (φ2)) of the reflectance R(t) are

calculated from the time dependent reflected amplitude r(t).

Before entering the subject, it is important to make the distinction between the
optical or photon (angular) frequency (ωπ) and the modulation (angular) frequency (ωµ).
The former refers to the photon oscillations (1014 Hz) while the latter refers to the
relatively slow modulation controlled by the lock-in amplifier to drive the laser intensity
(103 Hz). The slow modulation of the intensity actually envelops the fast modulation
of the photon (Fig. 3.3). The time dependent reflectance amplitude r(t) is therefore
expressed as a product of two cosine functions of different frequencies. If we only consider
the fundamental harmonic of the modulation (ωµ) and a monochromatic light (ωπ), the
reflectance reads r(t) = A cos(ωµt+φµ) cos(ωπt+φπ), where A is a real number, and φπ
and φµ are the optical and the modulation phase shifts respectively. A harmonic signal,
like s(t) = A cos(ωt + φ) is usually written as a phasor, which permits to represent a
real time-dependent signal as a complex number, s̃ = Aeiφ. Confusion arises when the
signal is a product of two cosine with different frequencies. A phasor expression cannot
be used for both frequencies (since the frequency information is lost in the phasor), so
that, if s(t) = A cos(ωµt+ φµ) cos(ωπt+ φπ), then s̃ = Aeiφπeiφµ is incorrect. One has
to chose a phasor representation for one of the frequencies only. In this thesis, we have
chosen to represent the optical oscillation as a phasor and the intensity modulation as a
time-dependent function, i.e. s̃(t) = Aeiφπ cos(ωµt+φµ), so that s̃(t) is both complex and
time-dependent at the same time. Note that since r(t) results from nonlinear transport
processes in the sample, it contains higher order harmonics (ωµ, 2ωµ, etc.) of the
modulation frequency. We want to draw the attention of the reader to the fact that
we are not referring to nonlinear optics. Nonlinear optics concerns, indeed, media of
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3.1. Fourier Components (signals)

particular lattice symmetry in which the polarization responds nonlinearly to the electric
field of the light, which is observed at very high light intensities (GW/cm2), well above
the intensities considered in this work (<MW/cm2). In this work, the optical frequency
(ωπ) remains unchanged.
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Figure 3.3: Illustration of the different scales of the optical and modulation wavelengths. Note that

the figure is not on scale. The optical wavelength is actually 1010 times smaller than the modulation

wavelength. An optical wavelength of 1µm corresponds to an optical frequency of 3 × 1014 Hz. The

modulation frequency ranges from 1 kHz to 1MHz, in typical PMOR implementations, corresponding

to modulation wavelengths of 3×105 m and 3×102 m respectively. The intensity modulation actually

envelops the photon amplitude.

With our convention, the time dependent complex reflected amplitude measured by
the detector reads (Fig. 3.4):

r̃(t) = γS0.9S0.5E0
×
`
r̃dc + r̃1 cos(ωµt+ φµ1)

+ r̃2 cos(2ωµt+ φµ2) + · · ·
´

(3.1)

with

r̃dc =|r̃dc|eiφπdc

r̃1 =|r̃1|eiφπ1

r̃2 =|r̃2|eiφπ2

where E0 is the probe incident amplitude at the sample surface. The coefficients γ, S0.9

and S0.5 account for losses in the lens and the beam splitters. The complex number
r̃dc = |r̃dc|eiφπdc , r̃1 = |r̃1|eiφπ1 , r̃2 = |r̃2|eiφπ2 are the reflected amplitudes of the dc,
first and second modulation harmonics. It is here important to note that the phases
φπdc , φπ1 and φπ2 are optical phases but the indices dc, 1 and 2 refer to the modulation
frequency (Fig. 3.5). The complex amplitudes r̃dc, r̃1, r̃2 depend on the underlying
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3. OPTICAL MODELING

complex refractive index profile and are all different, both in amplitude and phase. In
reference to Fig. 3.5, let us now explain why r̃dc and r̃1 (a similar reasoning holds
for higher-order harmonics) are, in general, different. The non-modulated probe beam,
of optical wavelength λπ, is incident on the sample surface (Fig. 3.5a), and reflects
(Fig. 3.5a0) on each gradient of the refractive index it encounters (Fig. 3.5A0). The
figure shows the case of a silicon on insulator wafer (SOI), where reflections occur at the
surface, at the silicon/buried-oxide (BOX) interface and at the BOX/silicon-substrate
interface (not shown). A reflection also occurs at the junction of the doping profile, but
it is negligible (10−4 × E0) due to the small variation of the refractive index with the
doping concentration at visible wavelengths. The reflectance of the sample r̃dc, therefore,
essentially depends on the position of the buried-oxide relative to the surface, through
constructive and destructive interferences of the reflected waves. When a modulated
pump beam illuminates the sample, the reflected probe beam contains a modulated
component (Fig. 3.5a1) at the modulation frequency of the pump. The incident wave
is reflected at the silicon surface, at the silicon/BOX interfaces (not shown) and at
the junction of the doping profile (Fig. 3.5A1). Unlike to the dc component, the ac
component of the wave which is reflected at the junction, though still very small (10−4×
E0), is of the same order of magnitude as the other reflected waves (this will appear more
clearly in the next sections), and consequently, the resulting interfered beam depends
on the junction position. Due to nonlinear processes in the modulated material, second
harmonics (Fig. 3.5a2) and higher-order harmonics (not shown) are also present in the
reflected probe beam but have less interest due to their very small amplitude.

The intensity of the probe beam in the detector plane is then given by I(t) = r(t)2

which reads1:

I(t) = (r̃(t) r̃(t)∗)
2

= (γS0.9S0.5E0)2
n
|r̃dc|2

+ 2|r̃dc||r̃1| cos(ωµt+ φ1) cos(φπdc − φπ1)

+ 2|r̃dc||r̃2| cos(2ωµt+ φ2) cos(φπdc − φπ2)

+
|r̃1|2

2
cos(2ωµt+ 2φ1)

o
= Idc + I1 cos(ωµt+ φ1) + I2 cos(2ωµt+ φ2) (3.2)

Note that r̃dc is practically independent of the pump laser irradiance for silicon but
this is not true for germanium (Fig. 2.4) or at longer wavelengths. The first harmonic
amplitude |r̃1| is 10−3 times smaller than |r̃dc| (Fig. 2.7), but, can nevertheless be
measured by the lock-in amplifier. In order to get rid of the proportionality coefficient
(γS0.9S0.5E0)2, the first harmonic component (and similarly for the second harmonic) is

1The calculation can be achieved in the full time domain (keeping both the optical and
the modulation time dependence) with a symbolic calculation software (like maxima). Since
ωπ >> ωµ, terms in cos((2ωπ ± Nωµ)t ± φ) can be removed, so that only the modulation
envelop remains. The phasor notation (complex number for the optical oscilations and time
for the modulation), however, renders the calculation more easy. The third and successive
harmonics is neglected. It is also assumed that |r̃dc| >> |r̃1| >> |r̃2| but that |r̃1|2 = O(|r̃2|).
The reference phase of the incident probe beam is chosen to be zero.
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3.1. Fourier Components (signals)

Figure 3.4: Illustration of the various losses of the probe beam intensity in the optical elements

of the apparatus.

normalized by the dc component:

R1

Rdc
≡ I1
Idc

= 2
|r̃1| cos(φπdc − φπ1)

|r̃dc|
(3.3)

Equation 3.2 can also be trivially obtained if we notice that in the static regime
(ωµ → 0), the “first harmonic” is equivalently obtained by taking the difference of the
reflected intensities when the pump laser is turned on (I') and off (I−) (Fig. 3.6):

2I1 = Iδ = I' − I− (3.4)

= |(r̃dc + r̃1)|2 − |(r̃dc − r̃1)|2

= 4<(r̃dcr̃
∗
1)

= 4<(|r̃dc|eiφπdc |r̃∗1 |e−iφπ1 )

= 4|r̃dc||r̃∗1 | cos(φπdc − φπ1) (3.5)
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Figure 3.5: Illustration of the optical interference processes occurring at different modulation

frequencies. The cartoon is a snapshot at time t = τ . (a): incident probe beam. (a0), (a1) and

(a2) are respectively, the dc, first and second harmonics of the reflected amplitude. The modulation

envelop is drawn with thick gray lines. The optical oscillation is drawn with thin black lines. (A0)

and (A1) are zooms on the sample surface, of the dc and first harmonic respectively. Note that in the

case of (A1) the envelop wavelength is so large compared to the optical wavelength that it appears as

a straight line. The envelop amplitude at time t = τ at the surface is cos(ωµτ + φµ1 ).

The notations introduced in these equations are used all over the thesis and are explained
in detail in Tab. 3.1. Equation 3.4 shows directly that the first harmonic of the reflected
intensity varies as the cosine of the optical phase of the first modulation harmonic (φπ1),
which directly depends on the position of the junction, i.e. φπ1 = 4πnXj/λ (where n
is the real part of the refractive index, see Sec. 3.2.1). It also shows that the cosine
can be shifted by the optical phase of the dc component φπdc , which depends on the
refractive index of the substrate (ñ). If ñ is real, φπdc = 0, so that I1 ∝ cos(φπ1) '
1 − φ2

π1 = 1 − (4πnXj/λ)2 depends as the square of the junction depth (Xj) for small
junction depth (Xj << λ/4πn). If ñ = i (and if the sample lies is air), φπdc = π/2,
so that I1 ∝ sin(φπ1) ' φπ1 = 4πnXj/λ is directly proportional to Xj . The sensitivity
at small junction depth (Xj << λ/4πn) is therefore improved when the matrix has a
complex refractive index at the considered wavelength, which occurs close to the direct
gap transition (Fig. 1.3). At the probe laser wavelength (980 nm) of the BX-10 tool
available at IMEC, the refractive index of silicon is real, so that the response in function
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3.1. Fourier Components (signals)

Description Absolute Excess Differential
Equilibrium A0 n.a.
Non-equilibrium A ∆A = A−A0

Probe only A− ∆A− = A− −A0
o
Aδ = ∆Aδ = A' −A− = 2A1Probe + pump A' ∆A' = A' −A0

Table 3.1: A represents an arbitrary quantity, e.g. the refractive index (ñ), the electron con-
centration (N), the temperature (T ), etc. A0 is the quantity at equilibrium (no illumination) or
under a specified reference condition (sometimes noted Aav). A− is the quantity when only the probe
laser illuminates the sample. A' is the quantity when both the probe and the pump illuminate
the sample. ∆A (or δA) is the quantity in excess with respect to A0. Aδ is the difference of A at
two non-equilibrium conditions and is equal to the double of the first harmonic amplitude A1 in the
quasi-static regime.

of Xj is a cosine (Fig. 1.9).
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Figure 3.6: In the quasi-static regime, the double of the first harmonic of the intensity (I1) can

be seen as the difference between the dc reflected intensities at the on (I') and off (I−) states of the

pump laser. Notice that in practice I' can be larger or smaller than I− depending on the response

of the dielectric functions with respect to illumination.

So far, we have mainly analyzed the effects of the optical interferences in the sample.
The modulation phase lag in the sample (φ1) was also considered but in order to obtain
quantitative results, it is also important to consider the phase lag due to the apparatus
(lock-in, amplifiers, etc. See Fig. 3.7). The road from the generation of the excitation
signal, toward the signal acquisition, is as follow. The lock-in amplifier generates a
reference signal

Sref(t) = Sref
1 cos(ωµt+ φref) (3.6)

where φref is chosen equal to zero as reference phase. The reference signal is used by the
laser driver to generate a modulated input current for the pump laser, which in turns
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generates light of intensity Ipump(t)

Ipump(t) =
1

2
Ipump
0

`
1 + cos(ωµ(t− tpump

lag ))
´

=
1

2
Ipump
0

`
1 + cos(ωµt+ φpump

lag )
´

(3.7)

where the phase lag φpump
lag arises from any delay in the response of the laser driver and

pump laser relative to the reference signal. The reflected intensity of the probe beam,
using the lock-in amplifier output signal as reference, is given by (Eq. 3.2):

I(t) = Idc + I1 cos(ωµ(t− tpump
lag ) + φ1) + I2 cos(2ωµ(t− tpump

lag ) + φ2) (3.8)

where φ1 and φ2 are the phase shifts due to the sample response. While the probe
intensity I(t) is measured by a detector and is subsequently amplified, an additional
phase lag tprobe

lag delays the final signal again. The signal arriving in the lock-in amplifier,
S(t), then read

S(t) = Sdc + S1 cos(ωµ(t− tpump
lag − tprobe

lag ) + φ1)

+ S2 cos(2ωµ(t− tpump
lag − tprobe

lag ) + φ2) (3.9)

= Sdc + S1 cos(ωµt+ φapp + φ1) + S2 cos(2ωµt+ 2φapp + φ2)

where φapp is the phase shift external to the sample. Sdc, S1 and S2 are usually returned
in Volts (or µV) by the lock-in and are proportional to Idc, I1 and I2 respectively. The
proportionality factor between them is given by Ga, which results from the conversion
between the light power incident on the detector area and the voltage which is output by
the lock-in amplifier, taking into account any amplification gain. Practically, as already
mentioned in Chap. 2, the dc signal is measured with a gain Gdc

a , while the first and
second harmonics are measured with a larger gain Gac

a . The signal amplitudes and
phases, in terms of the light intensities at the detector, then reads

Sdc = Gdc
a Idc

S1 = Gac
a I1/

√
2, φ1 = φ1 + φapp

S2 = Gac
a I2/

√
2, φ2 = φ2 + 2φapp (3.10)

where the division by
√

2 comes from the fact that the lock-in actually measures the
root mean square2 value of the input signal. Ultimately, we are interested in obtaining
the normalized differential reflectance ∆R/R = 2R1/Rdc

∆R

R
=

2R1

Rdc
=

2I1
Idc

=
Gdc
a

Gac
a

2
√

2 S1

Sdc
(3.11)

where ∆R = 2R1 is the peak-to-peak reflectance, usually used in literature and mostly
noted ∆R. The ratio of the gain factors Gdc

a /G
ac
a should a priori be known, but we

do not have all the necessary information concerning the CI BX-10 apparatus installed
at IMEC3. The output data returned by the CI BX-10 apparatus and its link to the
physical quantities is described in Appendix A.1.

2The root mean square value is defined as rms[f(x)] =

r R 2π
0 f(x)2

2π
.

3Boxer-Cross, the company who devised the BX-10 apparatus, was acquired by Applied-
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3.1. Fourier Components (signals)

Figure 3.7: Schema of the electronic instruments in the CI BX-10 apparatus.

The phase lag, φapp, due to the pump and probe related devices (laser driver, pump
laser, detector, amplifier) is unwanted and a priori unknown. Only the phase lag due
to the sample contains information that might be useful for the signal deconvolution.
However, it should be noted that CI was initially designed to operate in a quasi-static
regime (low modulation frequency) such that the phase lag due to the sample should
vanish. However, as we will see in Sec. 4.2, even at low modulation frequency (1 kHz),
the temperature signal (introduced in Sec. 3.3.1) suffers from a phase lag [39]. The
phase lag is however small and independent of the layer doping concentration. At higher
modulation frequency (1 MHz), as implemented in the Therma-Probe (TP) apparatus,
a temperature and a (possible) carrier phase shifts are present.

When φ1 is negligible or independent from the layer doping concentration, the signal
can be signed, as illustrated in Fig. 3.8. The lock-in amplifier is not able to make
the difference between a signal phase shift of 180◦ (relative to the pump modulation)
and a negative response. As will be seen in the following sections of this chapter, the
sample reflectivity can decrease or increase with the pump power due to an opposite
response of the plasma and temperature refractive indices and due to the constructive
or destructive interference depending on the junction depth. Subsequently, the first
harmonic signed amplitude can become negative. The lock-in amplifier returns a phase
value between -180◦ and +180◦. Yet, if the differential reflectivity is positive with
respect to an increasing pump power, the lock-in amplifier returns a phase φapp + φ1

and if it is negative it returns φapp + φ1 ± 180◦. In the CI BX-10 installed at IMEC,
φapp = 35o. This phase shift was determined by measuring two samples, a lowly doped

Material, which in the meantime stopped the construction and the support of the Carrier-
Illumination tool
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homogeneous substrate (1015 /cm3), which has a plasma dominated signal (negative
response), and a highly doped homogeneous substrate (5 × 1019 /cm3), which has a
temperature dominated signal (positive response) (See Fig. 3.9). A correction phase
of −35o is applied so that the phase returned by the computer of the apparatus is
either 0◦ or ±180◦. For historical reasons, the sign in the CI BX-10 tool apparatus
is inversed relative to what occurs physically (signal R1 increases when the reflectance
decreases). So, if the corrected phase is in the range [−90◦,+90◦], the amplitude is
negatively signed and if it is in the range ] + 90◦, 180◦]∪]− 90◦,−180◦], the amplitude is
positively signed. This convention was chosen so as to have a positive signal for the lowly
doped homogeneous substrate. It is important to insist again on the fact that signing
the amplitude is in general only possible for in-phase signals, for which the corrected
phase should be either 0◦ or ±180◦. If the returned phase deviates from these values
depending on the sample, the sign might be impossible to determine.

Finally, we also want to mention than it can be convenient to rewrite the time
dependent signal (Eq. 3.9)

S(t) = Sdc + S1 cos(ωµt+ φ1) + S2 cos(2ωµt+ φ2)

as

S(t) = Sdc + I1 cos(ωµt) +Q1 sin(ωµt)

+ I2 cos(2ωµt) +Q2 sin(2ωµt) (3.12)

where we have introduced the in-phase (I1) and quadrature (Q1) components (and sim-
ilarly for I2 and Q2):

I1 = S1 cos(φ1)

Q1 = −S1 sin(φ1) (3.13)

Inversely, S1 and φ1 can be calculated from I1 and Q1 (and similarly S2 and φ2)

S1 =
p
I2 +Q2 (3.14)

φ1 = π/2− atan
„
Q
I

«
, if I > 0 (3.15)

= −π/2− atan
„
Q
I

«
, if I < 0 (3.16)

The phase definition is chosen such that it is C1 on C \ [−∞, 0] (complex plane minus
the semi-axes x < 0). The only advantage of working with the in-phase and quadrature
components, is that these two quantities are dimensionally comparable. This is also the
default output signal of lock-in amplifiers operating in xy-mode. The amplitude and
phase are more easily linked to the physics and are the default output signals of lock-in
amplifier working in rθ-mode, like in the CI BX-10.
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3.1. Fourier Components (signals)

Figure 3.8: (a) Due to the low modulation frequency used in CI, the carriers and the temperature

are modulated in phase with the pump modulation so that the phase shift, as returned by a lock-in

amplifier, must be 0◦ (when calibrated correctly in order to remove any phase shift due to delays in the

electrical parts of the instrument such as the detector or the amplifiers). However, the CI signal, which

is the differential reflectance, can either be positive or negative because the reflectance (dashed line)

can either increase or decrease with respect to the pump power (plain line) depending on the sample

properties. For instance, as it will be seen in the following chapters, in a uniformly and highly doped

sample the pump will make the temperature increase more than the carrier concentration resulting in

an increase in the refractive index and subsequently an increase in the reflectance, while in a lowly

doped sample, the carrier concentration will dominate over the temperature resulting in a decrease

in the refractive index, thus a decrease in the reflectance. In samples with a doping profile, the sign

of the differential reflectance will depend on the junction depth due to constructive or destructive

interferences. So the physical differential reflectance can either be positive or negative. However a

lock-in amplifier always returns a positive amplitude and a phase shift in the range [-180◦ - 180◦].

The lock-in will thus see a positive differential reflectance as a positive amplitude with a phase shift

of 0◦ and will see a negative differential reflectance as a positive amplitude with a phase shift of 180◦

(or -180◦). Because we know that the signal is in phase with the pump - consequence of a low pump

modulation frequency - a phase shift of 180◦ is not a physical phase shift but simply a change of sign.

(b) Sign of the signed amplitude in function of the phase shift (corrected by −φapp). For historical

reasons, probably due to a misunderstanding of the origin of the signal, the sign convention has been

chosen in a wrong way, so that it is actually the opposite of the differential reflectance that is returned.
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Figure 3.9: Electrical phase φ1 in function of pump laser maximum power The upper plot cor-

responds to a lowly doped substrate (5.84 × 1015 /cm3). The phase returned by the lock-in (and

corrected by φapp = −35◦) is −180◦ and sometimes +180◦ which is equivalent. According to the sign

convention, the signed amplitude is positive. The lower plot corresponds to a highly doped substrate

(4.74× 1019 /cm3). The (corrected) phase returned by the lock-in is 0◦ so that the signed amplitude

is negative. Samples: NAO 1.8 and NAO 1.6. See App. A.16.
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3.2. Reflectance

3.2 Reflectance

The computation of the reflectance (or reflectivity) from a one-dimensional refractive
index distribution (Fig. 3.10) can be achieved by considering various degrees of com-
plexity. In the following sections we successively consider a simple first order reflexion
model (Sec. 3.2.1), a general chain-matrix formulation (Sec. 3.2.3) and a solution of
the Maxwell wave equation (Sec. 3.2.2). The different models are compared and their
validity limits are discussed (Sec. 3.2.4).

Figure 3.10: The surface reflectance is calculated from the one-dimensional complex refractive

index profile. The complex dielectric constant κ̃ is equal to the square of the complex refractive index

ñ. Its real and imaginary parts are noted κ1 and κ2 respectively.

Before diving into the various models, it is useful to recall a basic property of elec-
tromagnetic wave reflection and transmission at the interface between two media of
different refractive indices (Fig. 3.11).

Assuming a normally incident wave of unitary amplitude [ei(kz−ωt)], the reflected
[r̃ ei(−kz−ωt)], and transmitted [t̃ ei(kz−ωt)] waves must satisfy tangential electric and
magnetic field amplitude conservation and energy conservation at the interface:

t̃ = 1 + r̃

ñ012 = ñ0 r̃
2 + ñ1 t̃

2 (3.17)

where ñ0 and ñ1 are the complex refractive indices, respectively of the medium where
light is incident from (e.g. air) and of the sample (e.g. silicon). The reflected (r̃) and
transmitted (t̃) amplitudes are in general complex since the refractive indices ñ0 and
ñ1 are also complex. The expression of r̃ and t̃ in terms of ñ0 and ñ1 is then readily
obtained (App. A.4):

r̃ =
ñ0 − ñ1

ñ0 + ñ1

t̃ =
2ñ0

ñ1 + ñ0
(3.18)
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3. OPTICAL MODELING

Figure 3.11: Reflected (r̃) and transmitted (t̃) amplitudes at the interface of two media of respec-

tive refractive indices ñ0 and ñ1, assuming an incident electromagnetic wave of unitary amplitude

1 ei(kz−ωt).

The reflectance R is defined as the ratio of the reflected (Ir) and incident (I0) intensities:

R =
Ir
I0

=
|ñ0 r̃|2

|ñ0 1|2 = |r̃|2 (3.19)

Equations 3.18 and 3.19 are used throughout the next sections, where the reflectance
of a sample of arbitrary refractive index profile (Fig. 3.12) is computed. Note that the
external medium is usually air (ñ=1) and the solid medium has an arbitrary index of
refraction profile ñ(z). Depending on the assumptions that can be made on ñ(z), differ-
ent approximate formulas can be obtained for the reflected and transmitted amplitudes.
These various approximations are the object of the next subsections.

Figure 3.12: Reflected (r̃) and transmitted (t̃) amplitudes at the interface of two media of refractive

index ñ0 and ñ(z), assuming an incident electromagnetic wave of unitary amplitude.
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3.2. Reflectance

3.2.1 First order reflection

The most basic reflectance formula can be derived from Eqs. 3.18 considering ñ(z) is a
slightly perturbed function, i.e. ñ(z) = ñav + δñ(z), where ñav is the average refractive
index (or any other reference value) and δñ(z) << ñav is a perturbation (Fig. 3.13). At
the best knowledge of the author, the development that follows has not been published
anywere, probably because of its extreme simplicity. The final result is however published
in Ref. [32], but the assumptions made in the derivation were not clearly mentioned.

Figure 3.13: Perturbation of the refractive index on a uniform media: δñ(z) << ñav.

The total reflected amplitude Etot of a layered medium (Fig. 3.14) is the sum of all
the reflected amplitudes Ei shifted by a phase corresponding to the distance to travel
across the sample (backward and forward):

Etot = E1 +

NX
i=2

Ei (3.20)

We have explicitly separated the surface component (E1) from the interface component
(
P
Ei) because of their different orders of magnitude. The amplitudes Ei at z=0, tak-

ing into account the reflection (r̃) and the transmission (t̃) at each interface, and the
propagation phase shift between each interface are given at normal incidence by:

E1 =E0r̃↑1
E2 =E0t̃↓1 r̃

↑
2 t̃
↑
1e
−j2K̃avz2

E3 =E0t̃↓1 t̃
↓
2 r̃
↑
3 t̃
↑
2 t̃
↑
1e
−j2K̃avz3 ' E0t̃↓1 r̃

↑
3 t̃
↑
1e
−j2K̃avz3

...

Ei 'E0t̃↓1 r̃
↑
i t̃
↑
1e
−j2K̃avzi

...

EN 'E0t̃↓1 r̃
↑
N t̃
↑
1e
−j2K̃avzN (3.21)

where r̃↑1 , t̃↑1 and t̃↓1 (the arrows indicate the direction of light propagation) are given by

59



3. OPTICAL MODELING

(Eq. 3.18):

r̃↑i =
ñi−1 − ñi
ñi−1 + ñi

(3.22)

t̃↓i =
2ñi−1

ñi−1 + ñi

t̃↑i =
2ñi

ñi + ñi−1

and K̃av = 2πñav/λvac = 2π(nav + ikav)/λvac, is the average wave vector. Note that the
factors t̃↓i t̃

↑
i = 1+O(ε) ' 1 for i > 1 and have therefore disappeared from the expressions

in Eq. 3.21.

Figure 3.14: First order reflection from a layered medium. The incident beam is drawn slanted

for clarity but the incidence angle is actually assumed zero in the calculations.

The signal in the usual implementation of CI (first embodiment), is proportional to
the intensity I = |Etot|2 in the detector

I = |Etot|2 = E2
0

“
r̃1 + t̃↓1 t̃

↑
1

NX
i=2

r̃ie
−j2K̃avzi

”
×
“
r̃∗1 + t̃↓∗1 t̃↑∗1

NX
i=2

r̃∗i e
+j2K̃avzi

”
(3.23)

This expression can be simplified if one assumes that the refractive index is real through-
out the sample, which is a valid assumption for (doped) silicon at the wavelength used
in CI (Sec. 3.3.2). Assuming r̃i = r̃∗i and t̃i = t̃∗i (a real refractive index implies real
reflection and transmission coefficients):

I =E2
0

“
r2
1 + r1t

↓
1t
↑
1

NX
i=2

ri
“
e+j4πnavzi/λ + e−j4navzi/λ

”
e−2αzi +O(r2

i ))
”

'E2
0

“
r2
1 + r1t

↓
1t
↑
1

NX
i=2

2ri cos (4πnavzi/λ) e−2αzi
”

(3.24)
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3.2. Reflectance

where α = 4πkav/λ is the absorption coefficient. The expression can be further simplified
if we rewrite Eq. (3.22) as:

ri =
n(zi)− n(zi + dz)

n(zi) + n(zi + dzi)

'n(zi)− (n(zi) + dn/dz dzi)

2n(zi)

' − 1

2n(zi)

dn

dz

˛̨̨̨
z=zi

dzi (3.25)

Note that the separation of the surface term from the interface term we made in Eq.
3.20 shows here its usefulness since Eq. (3.25) is only valid for i > 1 where the step in
refractive index is infinitesimal. Eq. (3.24) then becomes

I =E2
0

“
r2
1 − r1t

↓
1t
↑
1

NX
i=2

1

n(zi)

dn

dz

˛̨̨̨
z=zi

cos (4πnavzi/λ) e−2αzidzi
”

'E2
0

“
r2
1 − r1t

↓
1t
↑
1

Z ∞
0+

1

n(z)

dn(z)

dz
cos (4πnavz/λ) e−2αzdz

”
(3.26)

Note that the lower limit of the integral is 0+ such as not to include the surface contri-
bution a second time. The upper limit of the integral (∞) is practically taken at some
finite depth where the derivative of the refractive index vanishes. We can rewrite this
equation in terms of the perturbation δn relative to an average value of the refractive
index nav (Fig. 3.13):

I 'E2
0

0B@r2
1av −

“
r1t
↓
1t
↑
1

”
av

nav

»
δn(z = 0) +

Z ∞
0+

dδn(z)

dz
cos (4πnavz/λ) e−2αzdz

–1CA (3.27)

=Iav + δI (3.28)

where Iav = E2
0 r

2
1av , and, neglecting second order terms (App. A.5),

r2
1 = r2

1av −

“
r1t
↓
1t
↑
1

”
av

nav
δn(0) (3.29)

where

r1av =
nair − nav

nair + nav
(3.30)

“
r1t
↓
1t
↑
1

”
av

nav
=
nair − nav

nair + nav

4navnair

(n2
air + nav)2

1

nav
=

4nair(n
2
air − n2

av)

(nav + nair)4
(3.31)

Note that the value of the factor r1t
↓
1t
↑
1 in front of the integral 3.26 is equal to its average

value, since its perturbation contributes as O(δn2).
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3. OPTICAL MODELING

We have seen in the previous section (Sec. 3.1) that, in the quasi-static regime, the
first harmonic component of the reflectance can be evaluated by taking the difference of
the intensities at high (probe + pump: I ') and low (probe only: I−) pump illumination
power (notations in Tab. 3.1). Applied to Eq. 3.26, it gives:

2 I1 ' Iδ = I' − I− = −E2
0

0B@
“
r1t
↓
1t
↑
1

”
av

nav

„
nδ(z = 0) +

Z ∞
0+

dnδ(z)

dz
cos(4πnavz/λ)e−2αzdz

«1CA
(3.32)

where δn = n' − n− is the difference in refractive index when both the probe and the
pump are operating (n') and when only the probe is operating (n−). We remark that
the differential intensity Iδ increases when the differential refractive index increases since
r1av is negative. The normalized differential reflectance is finally given by

∆R

R
=
Iδ
Iav

= −

 
t↓1t
↑
1

r1n

!
av

„
nδ(z = 0) +

Z ∞
0+

dnδ(z)

dz
cos(4πnavz/λ)e−2αzdz

«
=

4nair

n2
av − n2

air

„
nδ(z = 0) +

Z ∞
0+

dnδ(z)

dz
cos(4πnavz/λ)e−2αzdz

«
(3.33)

In summary, the differential reflectivity ∆R[δn]/R is a functional of the excess index of
refraction δn(z) and is given by Eq. (3.33). Its expression has been obtained under the
assumption that δn is real and small relative to a reference refractive index nav. Con-
sequently, it is not suited to compute the reflectance of samples with a macroscopically
varying refractive index (like in silicon-on-insulator or germanium structures, or at wave-
lengths in the IR range) or with a non-negligible imaginary refractive index (large free
carrier concentration such that the sample plasma frequency meets the laser frequency).
However, it is sufficiently accurate for most practical cases. More general formulations
to deal with complex and macroscopically varying refractive indices are derived in the
next sections.

It is very instructive to compute the integral for the particular case where nδ(z) =
nδ0 +nδXj U(z−Xj), which corresponds to a box-like refractive index profile (Fig. 3.15).

∆R

R
=

4nair

n2
av − n2

air

„
nδ0 +

Z ∞
0+

nδXj δ(z −Xj) cos(4πnavz/λ)e−2αzdz

«
(3.34)

=
4nair

n2
av − n2

air

“
nδ0 + nδXj cos(4πnavXj/λ)e−2αXj

”
(3.35)

The differential excess refractive index nδ0 and nδXj can be positive or negative and are

function of the laser powers, the modulation frequency and the microscopic properties
of the sample (doping profile, mobilities, carrier lifetimes, etc.), which are computed in
Chaps. 5 and 6.

3.2.2 First order Maxwell wave equation

A very practical formula to compute the reflectance on a sample with a complex dielectric
permittivity (we therefore relax the assumption of a real refractive index, made in the
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3.2. Reflectance

Figure 3.15: Left: step function refractive index. Right: cosine dependence of the differential

reflectance in function of the transition depth (Xj). The probe optical wavelength λ = 980 nm and

its effective wavelength in silicon is λeff = λ/2n = 140 nm.

previous section) distribution |δκ̃| << |κ̃av| is due to Aspnes [10] and Seraphin [184]. A
similar approach has been carried out by Wagner in Ref. [219]. We will write down all
the steps to derive the formula but in a slightly different way from Aspnes et al. in order
to include dissipative effects at the beginning (in Aspnes et al., the dissipative effects are
introduced a posteriori). Furthermore, we will derive appropriate boundary conditions
in order to deal with a slowly decaying dielectric permittivity in a semi-infinite medium.

We start from the (one dimensional) wave equation for the electric field, which is
easily derived from Maxwell’s equations

∆E − µ0ε0εr
∂2E
∂t2

= µ0σ
∂E
∂t

+∇ ρ

ε0εr
(3.36)

where E is the electric field, µ0, ε0, εr and σ are respectively the magnetic permeability
and the dielectric permittivity in vacuum, the relative dielectric permittivity and the
electrical conductivity. The second term in the left-hand side accounts for the displace-
ment current (non-dissipative). The first term in the right-hand side accounts for the
conduction current (dissipative). The second term in the right-hand side is called the
source term and accounts for any fixed charges which might be present in the sample.
In a p-n junction, the gradient of the net charges is perpendicular to the (normally)
incident electromagnetic field so that the source term vanishes. However in a p-n junc-
tion under illumination, a lateral space-charge distribution exists, and, consequently, the
source term is not exactly zero, but, nevertheless, will be neglected. We then look for a
solution in the form of a wave

E(z, t) = <(Ẽ(z)eiωt) = <(E0e−i(K̃av z+Φ(z)−ωt)) (3.37)

where K̃av = 2π
√
ε̃av/λvac = 2πñav/λvac is the wave vector and ω is the incident elec-

tromagnetic wave pulsation (optical frequency). In absence of source term, E0 is an
arbitrary constant. By introducing Ẽ(z)eiωt [Eq. (3.37)] in Eq. (3.36), we obtain a
complex boundary-value differential equation for the complex electric field Ẽ(z) (making
use of the relations µ0ε0 = 1/c2, λvacν = c, ω = 2πν)
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∆Ẽ(z) +
`
µ0ε0εrω

2 + iµ0σω
´
Ẽ(z) = 0

⇔ ∆Ẽ(z) +

„
2π

λvac

«2„
εr + i

σ

ε0ω

«
Ẽ(z) = 0

⇔ ∆Ẽ(z) +

„
2π

λvac

«2

κ̃(z) Ẽ(z) = 0

⇔ ∆Ẽ(z) +

„
2π

λvac

«2

[κ̃av + δκ̃(z)] Ẽ(z) = 0 (3.38)

where κ̃ = κ1 + iκ2 = εr + iσ/ε0ω is the complex dielectric constant4. Equation 3.38 is
now solved on a semi-infinite dielectric, zs < z < ∞, where the complex permittivity,
κ̃(z) = κ̃av + δκ̃(z), variations are small (|δκ̃(z)| << |κ̃av|) and limz→∞ |δκ̃(z)| = 0.
Note the κ̃av is just a reference value of the dielectric constant and does not need
to be an average, unlike to what the notation could suggest. By introducing Ẽ(z) =

E0e−i(K̃avz+Φ(z)) in Eq. (3.38) we obtain

−iΦ
′′

(z)− 2K̃avΦ
′
(z)−

h
Φ
′
(z)
i2

= K̃2
av −

„
2π

λvac

«2

κ̃av −
„

2π

λvac

«2

δκ̃(z) (3.39)

Canceling the first two terms of the right-hand side (because K̃av = 2π
√
κ̃av/λvac) and

neglecting the square of Φ
′

(we will see later in Eq. 3.42 that this term contributes as
a second order in δκ̃), we obtain

Φ
′′

(z)− 2iK̃avΦ
′
(z) = −i

„
2π

λvac

«2

δκ̃(z) (3.40)

which can be solved for Φ
′

φ
′
(zs) = ei2K̃avzs

Z ∞
zs

−i
„

2π

λvac

«2

δκ̃(z′)ei2K̃avz
′
dz′ + Cei2K̃avzs (3.41)

Since φ
′

= 0 when δκ̃ = 0 (which will be seen later in Eq. 3.44) we must have C = 0.
We obtain (using again K̃av = 2π

√
κ̃av/λvac)

Φ
′
(zz) = −iK̃2

av e
i2K̃avzs

Z ∞
zz

δκ̃(z′)

κ̃av
ei2K̃avz

′
dz′ (3.42)

4Overall in the text, we either use the notation εr or κ1 to represent the same physical quan-
tity, i.e. the relative dielectric constant. At first sight, it may appear as a notation inconsistency.
Actually, we use this dual convention on purpose depending on the context. When the descrip-
tion concerns the physics, real quantities (non-complex) are used, such as ε for the dielectric
constant or σ for the conductivity. When the description results from a mathematical trick to
make manipulations easier, such as representing a wave as a complex exponential, we end up
with a complex quantity κ̃, the complex dielectric constant, of which the real and imaginary
part are noted κ1 and κ2 respectively, whith the correspondance κ1 → εr and κ2 → σ

ε0ω
. This

choice of notation renders the equations more symmetrical and is also very convenient from an
numerical implementation point of view.
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In practice, the integral to infinity is not convenient to implement numerically and
therefore we split it into two,

R∞
zs

=
R Z
zs

+
R∞
Z

, where Z is a depth beyond which δκ̃(z)

varies smoothly (Fig. 3.16) compared to the probe wavelength but is still different from
zero. We propose to compute the integral

R∞
Z

, once and for all, considering a slowly
decaying dielectric function with respect to λ. Equation (3.42) becomes (See appendix
A.6 for a proof)

Φ
′
(zs) = −iK̃2

av e
i2K̃avzs

nZ Z

zs

δκ̃(z′)

κ̃av
ei2K̃avz

′
dz′

−δκ̃(Z)

κ̃av

eaZ

a2 + b2
˘
a
ˆ

cos(bZ) + i sin(bZ)
˜

+ b
ˆ

sin(bZ)− i cos(bZ)
˜¯o

(3.43)

where a = −2=(K̃av) and b = 2<(K̃av). The sample reflectance is then given by (See
appendix A.6 for a proof)

r̃ =
(K̃av + Φ

′
(0))−Kair

(K̃av + Φ′(0)) +Kair

(3.44)

It is here important to notice that the surface reflection is taken into account in Eq.
3.44. The integral from 0 to ∞ (or Z) in Eq. 3.42 does not have to include the surface
contribution. In other words

R∞
0

can actually be replaced by
R∞

0+ .

Figure 3.16: Illustration of the variations in the dielectric permittivity profile. The profile con-

tributes to the reflectance for z < Z only. For z > Z, the profile decays so slowly relative to the

optical wavelength that there is no contribution to the reflectance.

It is interesting to link Φ
′
(0) to an effective surface dielectric constant < δκ̃ > which

account for the integrated underlying stack

K̃(κ̃av+ < δκ̃ >) = K̃av + Φ
′
(0) (3.45)

Expanding the square root to the first order, the left-hand-side becomes

K̃(κ̃av+ < δκ̃ >) =
2π

λvac

p
(κ̃av + δκ̃) ' 2π

λvac

√
κ̃av

„
1 +

< δκ̃ >

2κ̃av

«
(3.46)

so that

< δκ̃ > =
2κ̃av

K̃av

Φ
′
(0)

= −2iK̃av

Z ∞
0

δκ̃(z)ei2K̃avzdz (3.47)
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In other words, the reflectance of a non-uniform sample with dielectric permittivity
κ̃av + δκ̃(z) is equal to the reflectance of a uniform sample with dielectric permittivity
κ̃av+ < δκ̃ >, as illustrated in Fig. 3.17. Seraphin [184] has shown that the differential
reflectance ∆R/R can directly be calculated using

∆R/R = αS(κ1, κ2) < δκ̃ >1 +βS(κ1, κ2) < δκ̃ >2 (3.48)

where αS and βS are the Seraphin coefficients [184], which are function of the refractive
index of the unperturbed stack and are shown as a function of the probe energy in Fig.
3.18 for a uniform stack [184, 11]. < δκ̃ >1 and < δκ̃ >2 are respectively the real and
the imaginary parts of < δκ̃ >.

Figure 3.17: Left: sample with depth dependent refractive index. Right: equivalent uniform

refractive index

Figure 3.18: Seraphin coefficients in silicon as a function of the probe enregy (hν) from Ref. [184].

As we did for the case of the first reflection (Sec. 3.2.1), it is very interesting to
compute integral 3.47 for the particular case where κ̃δ(z) = κ̃δ0 + κ̃δXj U(z−Xj), which

corresponds to a box-like refractive index profile (Fig. 3.19a). The calculation is here
a bit more difficult than in the case of Eq. 3.33, because one of the hypothesis made
in deriving Eq. 3.47, limz→∞ |κ̃δ| → 0, is not met in the case of the just mentioned

66



3.2. Reflectance

step function. A solution would be to use Eq. 3.43, but it is actually easier to integrate
the step function vertically shifted by a constant term −κ̃δb , so that κ̃Sδ (z) = (−κ̃δb +
κ̃δ0)(1− U(z −Xj)) (Fig. 3.19b), and to shift back the result after integration.

< δκ̃ >S=− 2ik

Z ∞
0

κ̃δ(z)e
2ikz = −2ik

Z Xj

0

(−κ̃δb + κ̃δ0)e2ikz (3.49)

=− (−κ̃δb + κ̃δ0)
“
e2ikXj − 1

”
(3.50)

which we can shift back,

< δκ̃ >= < δκ̃ >S + κ̃δb (3.51)

=κ̃δ0 + κ̃δXj (cos(4πnXj/λ) + i sin(4πnXj/λ)) e−2αz (3.52)

the real (< δκ̃ >1) and imaginary (< δκ̃ >2) parts of < δ̃κ > can easily be extracted:

< δκ̃ >1=κ1δ0
+ κ1δXj

cos(4πnXj/λ)e−2αXj − κ2δXj
sin(4πnXj/λ)e−2αXj (3.53)

< δκ̃ >2=κ2δ0
+ κ2δXj

cos(4πnXj/λ)e−2αXj + κ1δXj
sin(4πnXj/λ)e−2αXj (3.54)

The differential reflectance is finally obtained using Eq. 3.48, which can be simplified

Figure 3.19: (a) Step function refractive index. (b) Step function shifted vertically so that

limz→∞ k̃δ = 0.

considering the case of silicon at the probe frequency used in CI, for which we have
αS � βS and κ1δ � κ2δ (Drude, see Sec. 3.3.2). Equation 3.48 can therefore be
simplified into

∆R/R = αS
“
κ1δ0

+ κ1δXj
cos(4πnXj/λ) e−2αXj

”
(3.55)

which is the same result as in Eq. 3.34. The cosine response in function of the junction
depth is thus a consequence of the domination of the real part of the dielectric function
over the imaginary part (αS ' 4.7× 10−2, βS = 2.7× 10−4 for a uniform silicon stack,
and κ1δ ' −5 × 10−3 and κ2δ ' 1 × 10−5 at λ = 980 nm for an excess concentration
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of ' 1018 /cm3). A sine response would be more advantageous with respect to a cosine
response in order to probe shallow junctions since, for smallXj , cos(2kXj) ' 1−(2kXj)

2,
while sin(2kXj) ' 2kXj , i.e. the response with respect to the junction depth is linear
instead of quadratic. This can only occur if βSk1δ and αSk2δ dominate βSk2δ and αSk1δ ,
respectively. This is possible for photon energies aproaching the direct gap of silicon (3.4
eV) for which βS ' 1× 10−2 � αS [184]. However, at these photon energies, the Drude
response is strongly decreased (|k1δ | < 6× 10−4) (Sec. 3.3.2).

3.2.3 Transfert matrix formulation

A very general way of computing the reflectance of a sample with an arbitrary refractive
index profile (i.e. the refractive index can be complex and does not have to be a pertur-
bation around a reference value) is to use a matrix formalism. A general theory, valid
for non-normal incidence and polarized beam is developed in Ref. [96]. In this work, we
restrict ourself to the normal incidence angle case (making the polarization of the beam
irrelevant).

The theory is split in three steps. The first step describes the reflection and the
transmission of the wave at interface i (Fig. 3.20) by mean of a matrix Ci. The second
step describes the travel of the wave between two interfaces i and i− 1 by mean of the
matrix Zi (Fig. 3.20). Finally, in the third step, matrices Ci and Zi are chained to
describe the full sample by a single transfer matrix, which can be inverted in order to
obtain the amplitude and the phase of the reflected and transmitted waves at the front
and back surfaces of the sample.

Figure 3.20: Chain-matrix formulation: notations for a multiple-layer media. The waves propa-

gating downward and upward are noted Di and Ui respectively. The reflections and the transmission

at interfaces i is described by matrix Ci. The travel between two interfaces is described by matrix Zi.

Step 1: reflection and transmission at interface.

Considering the interface represented in Fig. 3.21, the wave amplitude at one side of
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the interface can be written as a linear combination of the wave amplitude at the other
side of the interface

U
′
i = ti+1Ui+1 + r

′
iD
′
i (3.56)

Di+1 = ri+1Ui+1 + t
′
iD
′
i (3.57)

where the notation is explained in Fig. 3.21. In general, t, r, D and U are complex
numbers (we have omitted the tilde sign for clarity). The system of two equations can
be rewritten in the following matrix form»

−ti+1 0
−ri+1 1

– »
U
D

–
i+1

=

"
−1 r

′
i

0 t
′
i

#"
U
′

D
′

#
i

(3.58)

This matrix equation can then be solved for Ui+1 and Di+1, i.e.»
U
D

–
i+1

= − 1

ti+1

"
−1 r

′
i

−ri+1 ri+1r
′
i − ti+1t

′
i

#"
U
′

D
′

#
i

(3.59)

which can be rewritten as (since ri+1 = −r
′
i and ri+1r

′
i − ti+1t

′
i = 1, which can easily be

proved using Eqs. 3.22) »
U
D

–
i+1

= Ci

"
U
′

D
′

#
i

(3.60)

where

Ci =
1

ti

»
1 ri
ri 1

–
(3.61)

Figure 3.21: Representation of the interface between two media of different complex refractive

indices. The wave propagating upward is called U or U
′

depending on which medium it travels in.

The wave propagating downward is called D or D
′

depending on which media it travels in. For a U

wave the reflection and transmission coefficients are r
′

and t
′

respectively. Inversely, for a D wave,

the reflection and transmission coefficients are r and t respectively.

Step 2: travel between two interfaces.
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The travel phase shift between two interfaces (Fig. 3.20) can be expressed as follows

Ui = eiK̃i∆ziU
′
i (3.62)

D
′
i = eiK̃i∆ziDi (3.63)

which can trivially be rewritten in matrix form»
1 0
0 −Zi

– »
Ui
Di

–
=

»
Zi 0
0 −1

– "
U
′
i

D
′
i

#
(3.64)

where we posed Z = eiK̃∆z. The system can then be solved for U
′
i and D

′
i :"

U
′

D
′

#
i

= Zi
»
U
D

–
i

(3.65)

where

Zi =

» 1
Zi

0

0 Zi

–
(3.66)

Step 3: chain the matrices.
The beam reflected at the front surface, U

′
1 (unknown), and the beam incident at the

front surface, D
′
1 (known) can be expressed in function of the beam incident at the back

surface, U
′
N (known), and the beam transmitted at the back surface, D

′
N (unknown) by

chaining Eqs. 3.60 and 3.65 as many times as there are interfaces and layers»
U
D

–
N

= CN−1ZN−1CN−2ZN−2 ... C2Z2C1
»
U
′

D′

–
1

(3.67)

which can be solved for U
′
1 (the complex reflected amplitude) and DN (the complex

transmitted amplitude) since D′1 = (1 + 0j) is the known front incident amplitude and
UN = 0 is the back incident amplitude. Note that when beams are incident on both the
front and the back surfaces (D

′
1 and UN are both different from zero), beams U

′
1 and

D
′
N cannot be qualified anymore as reflected and transmitted beams respectively, since

they are both reflected and transmitted at the same time.

3.2.4 Comparison

The three different approaches (first order, chain-matrix and Maxwell) to compute the
differential reflectance actually lead to very similar results (Fig. 3.22). The Maxwell
and the matrix formulations, both considering the complex refractive index, give close
to identical results. However, the matrix formulation is more general since no assumption
is made on the order of magnitude of the spatial variation of the dielectric constant, and
can thus be used for structures where a very sharp gradient of the refractive index occurs,
e.g. at the Si/SiO2 interface of a silicon-on-insulator (SOI). The Maxwell model (with
the proposed modifications in order to deal with smoothly decaying dielectric constant
profiles), given by Eqs. 3.43 and 3.44 is however very short to write and very easy to
implement. The first order reflection model gives slightly different results (especially
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at Xj = λvac/8n) as compared to the other formulations, which mainly comes from
neglecting the imaginary part of the refractive index. Neglecting multiple reflections is,
however, not an issue as far as conventional structures are considered (e.g. not SOI).
Another weakness of the first order reflection model is that the final expression (Eq.
3.32) is written in terms of the reflected intensity (positive real number) instead of the
reflected amplitude (complex number), hence obliterating the phase information. The
phase is, however, not useful in the actual CI embodiment (first embodiment in the
patent) but is needed if the signal is combined with a reference signal (the phase of
which could be varied by means of a Michelson interferometer setup), which is described
in the CI patent as the second embodiment.

The impact of the three different models is considered again in Sec. 7 but as a
general rule, the matrix formulation should be preferred since it is valid for all kinds of
structures, wavelengths and materials.
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Figure 3.22: Comparison of the three reflectance models. (a) Typical excess carrier profile

on a box-like doping profile (Xj = 30nm) at the laser powers used in CI. (b) Comparison of the

reflectance models for the profile given in (a), spatially shifted so as to obtained the desired Xj value.

The complex refractive indices were calculated from the given excess carrier concentrations assuming

the Drude formula (Sec. 3.3.2).

3.2.5 Lateral integration

In the previous section, the signal differential reflectance was calculated assuming a
laterally-uniform refractive-index profile. When the refractive index varies radially over
a distance that is comparable to the laser radius, the irradiance in function of the lateral
position has to be considered. In the case of the first-order reflectance model, the dc and
differential reflected irradiance (Eq. 3.32) become (a similar approach could be used for
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the matrix and the Maxwell approach):

Iav(r) = E2
0 e
−(r/Rlas)2 (r1av)2

Iδ(r) = −E2
0 e
−(r/Rlas)2 (r1t

↓
1t
↑
1)av

nav

“
nδ(z = 0, r)

+

Z ∞
0+

dnδ(r, z)

dz
cos(4πnavz/λ) e−2αz dz

”
(3.68)

The factor e−2αz can be neglected for junction depths Xj << 1/α, which is always the
case with our probe laser conditions (1/α = 200µm). The shape of the laser beam has
been taken into account through the pre-Gaussian factor. In the case of a step profile
(Eq. 3.34), if we assume a typical lateral decay with L0 and Lb as characteristic decay
lengths, the previous equations reduce to

Iav(r) = E2
0 e
−(r/Rlas)2 (r1av)2

Iδ(r) = −E2
0 e
−(r/Rlas)2 (r1t

↓
1t
↑
1)av

nav

“
nδ0(r)e−r/L0

+

Z ∞
0+

(nδbe
−r/Lb − nδ0e

−r/L0)

× δ(z −Xj) cos(4πnavz/λ) e−2αz dz
”

(3.69)

where L0 and Lb are the decay lengths at the surface and in the bulk respectively. We
anticipate on Chap. 4 by showing the radial and the in-depth dependence of the excess
carrier in Fig. 3.23. The shape of the refractive index distribution is the same as for the
excess carriers. The in-depth (z) decay length is much larger than the probe wavelength
(Fig.3.23 left), so that the upper bound of the z integration can be reduced to a few Xj
(e.g

R +∞
0
→
R 2Xj

0
). The lateral variation is more pronounced for highly doped structures

due to the smaller decay length. It will be shown in Sec. 6.2 (flat quasi Fermi levels) that
the decay length in the doped layer (L0) is at the minimum half of the diffusion length
in the bulk (Lb), which is about 10 µm at the typical carrier injection level considered
in this thesis.

The normalized differential reflectance is then given by

∆R

R
=

R∞
0
Iδ(r) r drR∞

0
Iav(r) r dr

(3.70)

which, in the case of the step refractive index (Eq. 3.69), involves the calculation of the
following correction factor (CF)

CF (L) =

R∞
0
e−(r/Rlas)2 e−r/L rdrR∞
0
e−(r/Rlas)2 rdr

(3.71)

which is always smaller than one and is shown in Fig. 3.24. The measured signal finally
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reads:

∆R/R =
4nair

n2
av − n2

air

“
CF (L0) nδ0 (1− cos(4πnXj/λ))

+ nδb CF (Lb) cos(4πnXj/λ)
”

(3.72)

By neglecting the radial variation, the surface signals (∝ CF (L0) nδ0) is always over-
estimated (in modulus) especially at high doping concentrations. As for the interface
signal (∝ cos(4πnXj/λ)(CF (Lb) nδb − CF (L0) nδ0)), it can be either overestimated or
underestimated (in modulus) due to the different carrier decay lengths in the doped layer
(5 to 10 µm, depending on the doping concentration) and in the substrate (10 µm) (see
Chap. 4 and 6). The total signal (surface + interface) can therefore either be under-
or overestimated depending on the specific doping situation (Fig. 3.25). In this work,
we always neglect the radial dependence, since the two-dimensional integration for real
refractive index profile is difficult in practice. The error made by this assumption is
maximum 20%, which is however not negligible.
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Figure 3.23: In-depth (left plot) and radial (right plot) excess carrier concentrations (∆N') at

the probe and the pump maximum power in the case of a homogeneous substrate. Left: the in-depth

decay length is essentially independent from the doping concentration and is imposed by the light

absorption length, which is only weakly dependent on the doping concentration. Right: the lateral

decay length is strongly doping concentration dependent (diffusion length). The vertical dashed line

indicates the typical radius of the lasers for - comparison purpose. The simulations were done with

FSEM (Chap. 5).
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Figure 3.24: Correction factor accounting for the radial dependence of the refractive index. The

laser radius is R=1.5 µm.
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Figure 3.25: Impact of the radial dependence of the refractive index on ∆R/R. ∆R/R is the

differential reflectance calculated from the refractive index profile at r=0 (no lateral dependence).

∆R/RCF is the differential reflectance calculated considering the lateral dependence of the refractive

index. We have taken nδb = β Nδb where we assumed Nδb = 5 × 1018 /cm3, which is the typical

substrate injection concentration, and the Drude coefficient β = −4× 10−22 cm3.
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3.3. Refractive index

3.3 Refractive index

The complex refractive index, ñ, is given by the square root of the complex dielectric
constant, κ̃ = εr + iσ/ε0ω = κ1 + iκ2, where ε0 is the dielectric permittivity in vacuum.
We have

κ̃ = κ1 + iκ2 = ñ2 = (n+ ik)2 (3.73)

where κ1 and κ2 are respectively the real and imaginary parts of κ̃, and n and k are
the real and imaginary parts of ñ. The coefficient k is also called the extinction co-
efficient. It is also convenient to define the absorption coefficient5 α = 4πk/λ . In a
semiconductor, the dielectric constant is expressed as a sum of two components, namely
the lattice component, which depends on the temperature, and the plasma component,
which depends on the electron and hole concentrations (Fig. 3.26):

κ1 = κlatt
1 (T ) + κFCA,ele1 (N) + κFCA,hol1 (P ) (3.74)

κ2 = κlatt
2 (T ) + κFCA,ele2 (N) + κFCA,hol2 (P ) (3.75)

where κlatt
1 (T ) and κlatt

2 (T ) are respectively the real and imaginary parts of the dielectric
constant at temperature T in absence of free carriers (only the intrinsic carrier concen-
tration at 300K is present). Their values are tabulated in optical handbooks for various
pure materials at different wavelengths and temperature but practically, fits are avail-
able (Jellison, Sec. 3.3.1). The Free Carrier Absorption (FCA) contributions are given
by κFCA,eler , κFCA,holr , κFCA,elei and κFCA,holi and depend on the carrier concentration,
band masses and light wavelength. Expressions have been derived in the literature from
classical (Drude, Sec. 3.3.2) and semi-classical approaches (Schumann, Sec. 3.3.3).

Figure 3.26: The complex refractive index (ñ) is calculated based on carrier concentration and

temperature.

5the complex amplitude r̃ = ei2π(n+ik)z/λ, leads to the intensity I = |r̃|2 = e−4πkz/λ = e−αz
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3.3.1 The thermo-optic model (Jellison)

Lattice absorption and reflection in silicon has been reviewed by Richardson [226]. Ex-
perimental data of n and k have been obtained by Jellison & Modine [116, 113, 114, 115]
over a wide wavelength and temperature range and has been reviewed in Palik’s Hand-
book of Optical Constants of Solids[155, 156]. Similar results have been obtained in Ref.
[225]. An accurate fit, valid in a wide range of temperature (25-490 oC) and photon
energies (E = 1.47 - 3.36 eV) is given in Ref. [116]. Jellison mentions in this article
that the fit can be extrapolated towards 0 eV since it agrees with the static dielectric
constant of silicon (n = 3.42). The real part of the refractive index reads:

n(E, T ) = n0(E) + δT (E)T (3.76)

with

n0(E) =
“

4.565 +
97.3

E2
g − E2

”1/2

(3.77)

δT (E) =
“
− 1.864 +

53.94

E2
g − E2

”
× 10−4 (3.78)

where Eg = 3.648 eV is the direct band gap of silicon. The temperature is expressed in
oC and the energy E in eV. An alternative fit is given by

n(E, T ) =
“

4.386− 0.00343 T +
99.14 + 0.062 T

E2
g − E2

”1/2

(3.79)

The imaginary part of the refractive index (the extinction coefficient) reads:

k(E, T ) = k0(E)e
T

T0(E) (3.80)

with

k0(E) = −0.0805 + e
−3.1893+ 7.946

E2
g−E

2
(3.81)

T0(E) = 369.9− e−12.92+5.509 E (3.82)

For PMOR modeling, we are mostly interested by the derivatives of the refractive
index and extinction coefficient with respect to the temperature:

dn

dT
= δT (E) (3.83)

dk

dT
=
k(E, T )

T0(E)
(3.84)

These coefficients are best visualized in Fig. 3.27 and values at selected wavelengths
are given in Tab. 3.2. The derivative of the extinction coefficient with respect to
the temperature, dk/dT , is one order of magnitude smaller than the derivative of the
refractive index with respect to the temperature dn/dT so that in first approximation,
the former can be neglected.
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Figure 3.27: Thermo-optical functions. Refractive index (left) and derivative with respect to the

temperature (right) in function of photon energy at 25oC.

Wavelength (nm) Energy (eV) n dn/dT (/K) k dk/dT (/K)
980 (CI probe) 1.27 3.59 2.59× 10−4 6.32× 10−3 1.71× 10−5

830 (CI pump) 1.49 3.65 2.94× 10−4 9.59× 10−3 2.59× 10−5

670 (TP probe) 1.85 3.80 3.71× 10−4 1.77× 10−2 4.80× 10−5

790 (TP pump) 1.57 3.68 3.09× 10−4 1.10× 10−2 2.99× 10−5

Table 3.2: Thermo-optical functions (Jellison) at selected wavelengths at 25 oC.

3.3.2 The electro-optic free carrier absorption model (Drude)

The dielectric constant contribution originating from Free Carrier Absorption (FCA) can
be derived classically by both considering the Newton and the Maxwell equations and
results in the following expressions (classical point charge subject to collisional damping)
[96], known as the Drude formula:

κFCA, ele
1 = −ω2

p/ω
2 (3.85)

κFCA, ele
2 = ω2

p/ω
3 ×Nq2ρ0/m

∗
e (3.86)
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where ω = 2πc/λvac is the optical pulsation, ρ0 is the dc resistivity (at the considered
electron and hole concentration), and m∗e is the effective electron mass in the conduction
band. Note that the effective mass depends on the doping concentration due to band
non-parabolicity [199, 209] but this effect has been neglected in this work. Typical
literature values at low plasma density (< 3× 1019 /cm3) are in the range 0.32-0.39 for
holes and 0.26 for electrons [209]. They increase by roughly 10% at 1× 1020 /cm3. The
plasma frequency (ωp) depends on the free carrier concentration and their band mass,
and reads, for electrons,

ω2
p = Nq2/(ε0m

∗
e) (3.87)

Similar expressions hold for the holes by replacing N by P and m∗e by m∗p. Note that
the real and imaginary parts of the dielectric constant increase respectively with the
square and the cube of the optical wavelength (λ). In order to have a propagation wave
in the sample, the condition ω > ωp must hold (carriers cannot respond fast enough to
screen the electric field). The carrier concentration at which the plasma frequency is
equal to the CI or TP light frequency is given in Tab. 3.3. At the plasma frequency
corresponding to the CI probe laser (980 nm), the electron and hole concentrations equal
3.019×1020 and 4.482×1020 cm−3 respectively. Beyond these carrier concentrations, the
imaginary part of the dielectric constant sharply increases. Non-propagating wave could
be exploited to probe the surface concentration only. For a carrier concentration larger
than 1018 cm−3, light with wavelength > 16µm does not propagate. The resistivity ρ0
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Figure 3.28: The plain lines represent the electron and hole plasma wavelengths respectively

in function of the electron or hole concentrations. In the gray area no wave propagation over a

long distance is possible. For instance, if the laser wavelength is 980 nm, the electromagnetic wave

propagates for electron and hole concentrations smaller than 3.019 × 1020 and 4.482 × 1020 cm−3

respectively and do not propagate otherwise.
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can be expressed in terms of the carrier concentrations and mobilities6:

ρ0 = 1/σ0 = 1/(N q µe + P q µh) (3.88)

where the electron and hole mobilities, µe and µh, depend on the temperature and the
free carrier and doping concentrations. Analytical expressions are given by Berz [19]
and Klaassen (Philips Unified Model) [120, 121] for instance.

From Eqs. (3.85), we see that an increase in free carrier concentration leads to a
decrease and an increase respectively in the real and imaginary parts of the dielectric
constant. Both the real and imaginary parts of the dielectric constant vary linearly
with the free carrier concentration. This is however not exactly true since the mobility
is generally a nonlinear function of the free carrier concentration. When κ2 << κ1

(considering the total value, including the lattice contribution), the (real) refractive
index reads (considering the electrons only)7:

n = κ
1/2
1 =

“
κlatt

1 (T )− ω2
p/ω

2
”1/2

(3.89)

when ω2
p/ω

2 << κlatt
1 , the expression can be simplified into:

n =
q
κlatt

1 −Nq2/(2m∗eω
2ε0

q
κlatt

1 )

= n0 −Nq2/(2m∗eω
2ε0n0)

= n0 + βeN (3.90)

with

βe = dn/dN = −q2/(2m∗eω
2ε0n0) (3.91)

is the Drude coefficient for electrons and is negative (a similar coefficient exists for holes
by replacing m∗e by m∗h). Its value depends on the optical wavelength and is given in
Tab. 3.3 at selected wavelengths8. Drude’s coefficient β is about 10−22 cm3 and is to
be compared with Jellison’s temperature coefficient δT , which is about 10−4 /K. An
increase in excess carrier concentration of 1018 /cm3 will then cause a refraction index
variation of the same order as a temperature increase of 1 K. Furthermore since the signs
of β and δT are opposite, changes in refractive index will tend to compensate when both
the carrier concentration and the temperature increase. Similarly, when κ2 << κ1, the
extinction coefficient reads9:

k = κ2/2n0 =

„
κlatt

2 +
ω2
p

ω3

Nq2ρ0

m∗e

«
/(2n0) = k0 +Nq3/(2m∗e

2
ω3ε0n0µe) (3.92)

6The scattering time being defined as τ = µm/q
7It is important not to forget the lattice contribution, κlatt

1 >> κFCA
1 , without which the

resulting κ1 would be negative
8The relative effective masses of electrons and holes are respectively 0.260 and 0.386. The

refractive index was calculated by Jellison’s formula at 25oC. For instance, βe = (1.602 ×
10−19)2/(2×0.260×9.1095×10−31×8.854×10−12× (2π×2.998×108/980×10−9)2×3.59) =
4.613× 10−28m3. A common mistake is to take ε0 in Farad/cm to get the β in cm3 but this is
wrong since the F = s4A2/m2kg (contains meters!)

9Assuming ρ0 = 1/Nqµe
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λ (nm) βe (cm3) βh (cm3) Np (cm−3) Pp (cm−3)
980 (CI probe) 4.615× 10−22 3.108× 10−22 3.019× 1020 4.482× 1020

830 (CI pump) 3.249× 10−22 2.189× 10−22 4.209× 1020 6.248× 1020

670 (TP probe) 2.036× 10−22 1.371× 10−22 6.459× 1020 9.589× 1020

790 (TP pump) 2.923× 10−22 1.969× 10−22 4.646× 1020 6.897× 1020

Table 3.3: Electro-optics coefficients (Drude) βe,h = −q2/(2m∗e,hω
2ε0n0). The effective masses

were taken at m∗e = 0.260×me, m∗h = 0.386×me. The lattice refractive index is given by Jellison’s

formula at 25oC at the considered wavelength. Note that βe = 1/(2n0) × dkFCA,ele
r /dN and βh =

1/(2n0)× dkFCA,hol
r /dN . The plasma concentrations Np and Pp are the concentrations at which the

electron and hole plasma frequencies equal the light frequency.

Note that dk/dN is smaller than dn/dN by two orders of magnitude. The comparison
of the Drude model and experimental data from Palik [157] is shown in Fig. 3.29. The
dependence of n, k and their derivatives with respect to N is shown in Fig. 3.32 and is
compared with Schumann’s more accurate model, which is the object of the next section.
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Figure 3.29: Comparison of the Drude model with experimental data from Palik [157]. The

symbols correspond to silicon doped with phosphorous at 1018 and 1020 /cm3. The model deviates

from experiment at long and short wavelengths, respectively for the real (n) and imaginary (k) parts

of the refractive index. Klaassen’s mobility (Philips Unified) [121] was assumed for the calculation of

k.

With CI, we are also able to determine the Drude coefficient (β) and the refractive
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index (n0) of the pure silicon matrix at λ = 980 nm by measuring the reflectance signal
on a series of uniformly doped samples of known doping concentration (Ndop). The
values β and n0 are obtained by fitting the experimental data on the reflectance formula
(Fig. 3.30)

R =

„
1− n0 − βN
1 + n0 + βN

«2

(3.93)

Note that our data is a mixed of n- and p-type samples. Since the Drude coefficient is
dependent on the carrier type, we can only obtain an averaged Drude coefficient. The
obtained value, β = −4.56× 10−22, is in between the electron (βe) and hole (βh) values
reported in Tab. 3.3, which gives confidence in the drude model at this wavelength. The
refractive index of the pure silicon matrix calculated with the fit is n0 = 3.51 which is
slighly smaller than the value reported by Jellison (n0 = 3.59).

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.313

0.314
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Figure 3.30: Determination of the Drude coefficient (β) and of the refractive index (n0) of the

pure Si matrix with CI.

3.3.3 The electro-optic free carrier absorption model (Schu-
mann)

In Ref. [181], Schumann makes a correction to Drude’s formula by taking Boltzmann
statistics into account. Schumann10 also shows that the formula remains valid at high
doping concentration (up to 1021 /cm3) when the Fermi-Dirac statistics should prevail.
This is however surprising, since in the degenerate case, only electrons (or holes) with
an energy in the vicinity of the Fermi-level should contribute to the permittivity [183].

10An approximation of Schumann’s model is given by Isenbergh [111] but unphysical free
carrier effective masses have to be used in order to fit experimental data.
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Schumann’s formula reads

κFCA, ele
r = −

ω2
p

ω2
J(D) (3.94)

κFCA, ele
i =

ω2
p

ω3

Nq2ρ0

m∗e

Γ(4)

Γ(5/2)2L(D)
(3.95)

with

J(D) =
1

Γ(5/2)

Z ∞
0

x9/2e−x

x3 +D
dx (3.96)

L(D) =

Z ∞
0

x3e−x

x3 +D
dx (3.97)

where Γ [198] is the gamma function, and D, among other, depends on the doping
concentration

D =
N2 q4 λ2

vac ρ
2
0 Γ(4)2

4π2 c2 m∗e2 Γ(5/2)2
(3.98)

Schumann’s model (Fig. 3.31) is slightly better than Drude’s model (Fig. 3.31). A
comparison of Drude’s and Schumann’s models as a function of the donor concentration
is shown in Figs. 3.32 and 3.33. The difference is not significant except for the derivative
of the extinction coefficient with respect to the free carrier concentration, dk/dN , which
is underestimated in Drude’s model.

3.3.4 The band-to-band absorption model (Smith)

In PMOR literature, it is considered that free carrier absorption (FCA) is the only
mechanism giving rise to a reflectance response when the excess concentration is var-
ied. This is justified when the probe laser energy is lower than the bandgap of the
semiconductor under investigation. In the previous section, we have already considered
the lattice and the free carrier contributions. The lattice contribution depends on the
temperature (Sec. 3.3.1) but is nearly independent from the excess carrier concentration
due to the weak coupling between core and free electrons. The free carrier contribution
is the principal mechanism leading to a change in dielectric permittivity when the free
carrier concentration is varied (free carrier absorption by intraband transitions). When
the probe laser energy is larger than the bandgap, it has been pointed out in Ref. [209]
that the band-to-band transition (interband transitions) may have an impact on the di-
electric function. The band-to-band transition is however complicated to describe since
it depends on many parameters, namely the free carrier concentration through bandgap
narrowing, the filling of the conduction and valence bands11, and the electric field when
the laser energy is close to the bandgap energy (Franz-Keldish oscillations) [163]. At the

11The band filling, i.e. the penetration of the electron and hole quasi Fermi levels in the
conduction and valence bands respectively, tends to decrease the BTBA coefficient by virtue
of the reduction in the unoccupied states available for the transition. However when the laser
energy is significantly larger than the bandgap, very high carrier concentrations have to be
reached before this effect becomes effective.
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Figure 3.31: Comparison of the Schumann model with experimental data from Palik [157]. The

symbols correspond to silicon doped with phosphorous at 1018 and 1020 /cm3. The model deviates

from experiment at long and short wavelengths, respectively for the real (n) and imaginary (k) parts

of the refractive index. Klaassen’s mobility (Philips Unified) [121] was assumed for the calculation of

k.

probe energy used in CI (1.25 eV > Eg), both the band gap narrowing and the band
filling are expected to play a role in the dielectric permittivity. Their impact on the
dielectric response with respect to the differential excess carrier concentration is not ob-
vious yet. Modeling of the band-to-band absorption coefficient (α) has been carried out
by Smith [195] and is presented in Sec. 4.1.4, where we are interested in the electron-
hole generation (rather than the dielectric permittivity) by band-to-band transitions.
The real part of the dielectric permittivity could, in principle, be calculated with the
Kramers-Kronig [159] relations from the knowledge of α, but, at our best knowledge,
such an analysis has not yet been carried out in the literature, at least for the indirect
bandgap of silicon12. We can nevertheless already compare the extinction coefficient
(k = 4πα/λ) of the FCA and the BTBA models, as well as their derivative with respect
to the differential excess carrier concentration (Fig. 3.34). At a doping concentration
below 3×1019 /cm3 with an excess concentration below 6×1018 /cm3, BTBA dominates

12Publications of the calculation of n for crystalline silicon as a function of the direct (but
not the indirect) bandgap energy has been brought to our attention very lately (Thanks J.
Bogdanowics). We provide a few references for completeness [7, 88].
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Figure 3.32: Drude (plain line) and Schumann (dashed line) model comparison at λ = 980 nm. The

Jellison model is used for the computation of the lattice refractive index at 25oC. Klaassen’s model is

used for the mobility calculation for which we assumed a donor concentration in the range 1015−1022

cm−3, no acceptor and the equilibrium electron and hole concentrations. The gray area above 1022

/cm3 donor concentration indicates that such concentrations are unphysical. The derivative dn/dN

and dk/dN were computed numerically. The integrals L(D) and J(D) were computed numerically and

then tabulated for fast reuse.

FCA (at 980 nm) but both are dominated by the lattice contribution. However, what is
important for the harmonic response, is the derivative of the extinction coefficient with
respect to differential excess concentration (Fig. 3.34, right). We clearly see that BTBA
dominates FCA at low doping concentration:

dkBTBA

d∆Nδ
>
dkFCA

d∆Nδ
, for Nd < 3× 1018 /cm3 (3.99)

However, when the differential excess carrier concentration (∆Nδ) increases, the impor-
tance of BTBA decreases (this is also true when ∆N− increases). This leads us to the
conclusion that BTBA should be taken into account for calculation of the differential
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Figure 3.33: Zoom on Drude (plain line) and Schumann (dashed line) model comparison at λ = 980

nm. The differences between the Drude and the Schumann model are negligible for dn/dN but not

for dk/dN .

refractive index, since dn/d∆Nδ might be of the same order for FCA and BTBA mod-
els (the Kramers-Kronig relations show that the real part of the dielectric constant is
proportional to its imaginary part). Unfortunately, we lack quantitative information
on the real part of the refractive index to draw definitive conclusions. Further work
clearly needs to be done on this topic. In this thesis, the BTBA contribution will thus
be neglected as far as the refractive index calculation is considered13.

3.4 Summary

We conclude the optical modeling by analyzing the differential reflectivity over a broad
spectral range (VIS to FIR). The purpose is to understand at which optical wavelengths
it is possible to extract the junction depth Xj , the surface (Nδ0), junction (NδXj ) or bulk

(Nδb) carrier (or doping) concentrations, the dose (Xj ×Nδ0), or possibly an arbitrary
carrier (or doping) profile. The sensitivity of the differential reflectivity with respect
to small changes in profiles is also studied. Although the probe wavelength in the BX-
10 is fixed (980 nm), it is important to know how we could improve the technique by
choosing a different wavelength. It is also instructive to understand why techniques
working in the IR range (MBIR, IRSE) are also able to characterize junctions, inspite
of the incommensurability of the optical wavelength and the junctions depth.

The solution of the Maxwell approach (Sec. 3.2.2) is more suited than the first order
(Sec. 3.2.1) and the matrix (Sec. 3.2.3) approaches to study this problem, since it is valid
for complex refractive indices and it is expressed in easy-to-handle analytical expressions.
The differential reflectance can be expressed in terms of the Seraphin coefficients (Eq.

13Note that BTBA is essential when the electron-hole pair creation is concerned and is thus
taken into account in this work (Sec. 4.1.4)
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Figure 3.34: BTBA and FCA extinction coefficient comparison. Left: the extinction coefficient

in function of donor concentration is plotted for BTBA and FCA models at two differential excess
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3.48):

∆R/R = αS(κ1, κ2) < δκ̃ >1 +βS(κ1, κ2) < δκ̃ >2

where, for a box profile (Eq. 3.53 and Fig. 3.19 for notations):

< δκ̃ >1=κ1δ0
+ κ1δXj

cos(4πnXj/λ)e−2αXj − κ2δXj
sin(4πnXj/λ)e−2αXj

< δκ̃ >2=κ2δ0
+ κ2δXj

cos(4πnXj/λ)e−2αXj + κ1δXj
sin(4πnXj/λ)e−2αXj

The real and imaginary parts of δκ are given by the Drude Formula (Eq. 3.85):

κ1δ =−Nδ λ2 q2

2m∗e(2πc)2ε0n0
= −Nδ λ2 Dr

κ2δ = +Nδ λ
3 q3

2(m∗e)2(2πc)3ε0n0µ
= +Nδ λ

3 Di

where Dr and Di are constants which are only dependent on the matrix refractive index
and also, in the case of Di, on the carrier mobility. Assuming n0 = 3.5 (which is an
acceptable value for silicon in the IR-VIS range) and µ = 300 cm2/Vs , Dr = 4.9×10−16
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(m) and Di = 5.9× 10−12 (adim). Substituting Eq. 3.85 into Eq. 3.53, we obtain

∆R/R =αS
n
−Drλ2Nδb| {z }

As1

+Drλ
2NδXj (cos(4πnXj/λ)− 1)| {z }

As2

−Diλ3NδXj sin(4πnXj/λ)| {z }
As3

o

+βS
n
−Diλ3Nδb| {z }

As4

+Diλ
3NδXj (cos(4πnXj/λ)− 1)| {z }

As5

−Drλ2NδXj sin(4πnXj/λ)| {z }
As6

o
(3.100)

where we have used Nδ0 = Nδb −NδXj . The equation is composed of six terms (which

we call Aspnes’ components), As1, As2, As3, As4, As5 and As6 in successive order.
Terms As4 and As5 (∝ βS Di) are practically always negligible. The remaining four
terms have very different magnitude depending on the wavelength and the carrier con-
centrations (Fig. 3.35). The contribution of Aspnes’ components depends on the ratio
of the junction (NδXj , i.e. the difference between the bulk and the surface carrier con-
centration) and bulk (Nδb) carrier concentrations, which are very different in the case of
PMOR techniques (like CI and TP), where ∆R/R represents the differential reflectance
with respect to the pump modulation and equilibrium techniques (like MBIR and IRSE),
where ∆R/R represents the differential reflectance with respect to the undoped sample.
Let us make an important remark concerning the difference between equilibrium and
modulation techniques. First, in equilibrium techniques, Nδb is simply the equilibrium
free carrier concentration in the bulk and we always assume Nδb = 1015 /cm3. As for
NδXj it is equal to Nδb −Nδ0 , where Nδ0 is the equilibrium free carrier concentration in

the film. For highly doped films, since Nδb � Nδ0 , we have NδXj = −Nδ0 and we always

assume NδXj = 1019 /cm3 in the discussion. Second, in modulation techniques (PMOR),

Nδ is the excess carrier concentration due to the pump modulation. We will see in Chap
5 that a typical excess concentration in the lowly doped bulk is Nδb = 5 × 1018 /cm3,
and, in the doped film, NδXj varies from 5× 1018 /cm3 for lowly doped layers (< 1018 /

cm3) down to 1× 1018 /cm3 at 5× 1019 /cm3 doping concentration and less than 1017

/cm3 above 3× 1020 /cm3 doping concentration. In the following discussion we assume
Nδb = 5× 1018 /cm3 and NδXj = 2× 1018 /cm3.

Note that Aspnes’s formula is a first order approximation and is therefore only
strictly valid when |δκ̃| << |κav|, which occurs at not too high (excess) carrier concentra-
tion and not too long wavelength (Eq. 3.85). Practically, at λ = 20 µm, and Nδ = 1019
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/cm3, κ1δ = −1.96 and κ2δ = 0.472 is still substantially smaller than κav = 12.9, so
that the first order approximation is still acceptable.
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Figure 3.35: Wavelength dependence of Aspnes’s components As1, As2, As3 and As6. The
junction depth (Xj) is taken at 20 nm. Left: equilibrium techniques (= non-modulated). The
independent extraction of Xj and the NδXj

is possible by spectroscopy in the IR range, due to the

crossing of component As2 and As3. It is also possible by spectroscopy in the VIS range due to the
cosine dependence. Right: PMOR techniques. The independent extraction of Xj and NδXj

is also

possible by spectroscopy due to the cosine dependence. It is also possible with external parameter
variation (other than λ) due to the commensurability of componentss As1 and As2.

In the following discussion, we only consider non-retrograde box-like doping pro-
files (the film is more doped than the bulk) with Xj = 20 nm, and we consider both
equilibrium techniques (=non-modulated, like MBIR, IR-SE or VIS-SE) and modulation
techniques (CI, TP) at three ranges of wavelengths:

1. IR (λ = 5 µm, 1/λ = 2000 /cm ) to VIS (λ = 0.580 µm, 1/λ = 17250 /cm):
The probe laser of Carrier Illumination (980 nm) and Therma-Probe (670 nm)
operate in this wavelength range, for which αS � βS and κ1δ � κ2δ , so that the
differential reflectance (Eq. 3.100) simplifies into

∆R/R =αS Dr λ
2(Nδ0 +NδXj cos(4πnXj/λ))

=αS Dr λ
2(Nδb +NδXj (cos(4πnXj/λ)− 1)) (3.101)

� PMOR techniques:

If 4πnXj is of the same order as λ, the bulk contribution is of the same
order or slightly dominates the junction contributions (Fig. 3.35b). It is
therefore possible to extract Xj and the layer doping concentration (N)
by combining the signal at two different pump illumination powers, since
the functional dependence of Nδb [N ] and NδXj [N ] in function of the pump
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power is different (Chap. 7). It would also be possible to extract the same
information by making the measurement at two different wavelengths.

If 4πnXj � λ (which is the case for sub-15 nm junctions with CI, where
λ = 980 nm), the λ2 dependence of the Drude coefficient compensates the
wavelength dependence of the cosine [cos(4πnXj/λ) ' 1−(4πnXj/λ)2] (Fig.
3.36), and the differential reflectance becomes

∆R/R = αS Dr (λ2Nδb −NδXj (4πnXj)
2) (3.102)

which shows that the junction term [NδXj (4πnXj)
2)] decreases relative to

the surface term (λ2Nδb) as λ increases. Consequently any perturbation
in the bulk excess carrier concentration, which is very sensitive to recom-
bination lifetimes at the surface and in the bulk (Chap. 5), will make the
variations in the junction depth invisible. Note that, making measurements
at two different powers (or wavelengths) when 4πnXj � λ cannot help to
determine Xj and NδXj but permits to obtain the substrate level (Nδb) with

a good precision.

It is therefore important that the wavelength be commensurate with the junc-
tion depth in order to keep the bulk signal, as much as possible, of the same
order of magnitude as the junction signal. In order to probe shallower junc-
tion depths, shorter wavelengths are therefore needed, which unfortunately
decreases the signal amplitude (|∆R/R|), which scales as λ2. Therefore, the
ability to characterize USJs, mainly depends on the signal-to-noise (S/N)
ratio of the detector at the analysis wavelength.

� Equilibrium techniques:

The junction component dominates even at very long wavelengths (Fig.
3.35a) (this is the opposite behavior to PMOR) so that the signal reduces to

∆R/R = αS Dr λ
2NδXj (cos(4πnXj/λ)− 1)

which shows that spectroscopic measurements (at least two different wave-
lengths) provides the capability to extract Xj and NδXj independently. An

implementation of spectroscopic ellipsometry in the VIS range demonstrates
this capability [43]. It is however important to mention that on structures
where the refractive index shows large variations (e.g. SOI), the signal com-
ing from the carrier profile is negligible as compared to the undelying struc-
ture signal. However at high enough energies (> 3 eV), the absorption
coefficient might be high enough (e.g. 121 nm at 3 eV and 12 nm at 3.4 eV)
so that light is absorbed before reaching the bulk structure (e.g. the buried
oxide in SOI).

In the long wavelength limit (NIR) (4πnXj � λ)

∆R/R = αS Dr (NδXj (4πnXj)
2)

is independent of λ, and it therefore becomes impossible to extract Xj and
NδXj independently. It explains why the equilibrium techniques in the NIR
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range are essentially sensitive to the dose (not exactly the dose actually but
rather NδXj ×X

2
j ).

2. FIR (λ = 25 µm, 1/λ = 400 /cm) to IR (λ = 5 µm, 1/λ = 2000 /cm):
We have αS � βS and κ1δ ' κ2δ , so that

∆R/R =αS(Drλ
2Nδ0 +Drλ

2NδXj cos(4πnXj/λ)

−Diλ3NδXj sin(4πnXj/λ))

=αS(Drλ
2Nδb +Drλ

2NδXj (cos(4πnXj/λ)− 1)

−Diλ3NδXj sin(4πnXj/λ)). (3.103)

If we further assume that 4πnXj � λ (which is always the case for sub-µm
junctions), then

∆R/R = αS (Drλ
2Nδb +DrNδXj (4πnXj)

2 −Diλ2NδXj (4πnXj)) (3.104)

� PMOR techniques:

The bulk term dominates the two surface terms (Fig. 3.35b). In this wave-
length range, PMOR cannot provide information either on the dose or the
junction depth, but on the bulk level only.

� Equilibrium techniques:

The bulk term is always negligible as compared to the two junction terms
even in the FIR range (Fig. 3.35b). The two junction terms are of the
same order of magnitude around λ = 6.25 µm (1600 /cm). As λ increases,
the last term starts to dominate all the other ones. The combination of
the two junction terms contains spectroscopic information, allowing for the
independent extraction ofXj andNδXj . Note that the last term also depends

on Di which is a function of the mobility, so that in the long wavelength
range, the signal is proportional to NδXjXj/µ. The MBIR technique [139,

140], which operates in the range λ = 1.4− 20 µm, is indeed able to extract
Xj and NδXj independently, but practically, the precision is very poor [140].

The dose/mobility ratio is measured with much higher precision [140].

3. VIS up to the direct transition (0.330 < λ < 0.580 µm, 17250 < 1/λ < 30300
/cm):
We have αS ' βS and
kappa1δ � κ2δ

∆R/R =αS Dr λ
2(Nδ0 +NδXj cos(4πnXj/λ)) + βsDrλ

2NδXj sin(4πnXj/λ)

=αS Dr λ
2(Nδb +NδXj (cos(4πnXj/λ)− 1)) + βsDrλ

2NδXj sin(4πnXj/λ)

(3.105)

This case is very similar to case 1 but the junction term is not a pure cosine any-
more but a mixed of a cosine and a sine, due to the imaginary part of the refractive
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index of the undoped matrix (βS ' αS). It therefore allows for better sensitiv-
ity at very short Xj , since sin(4πnXj/λ) ' 4πnXj/λ is directly proportional to
Xj rather than its square (case of the cosine). At a wavelength of 400 nm, the
effective wavelength (λ/2n) in silicon is 44 nm, which is ideal to study junctions
with Xj < 22 nm. However, one should keep in mind that the total signal scales
down as λ2, which means that the sensitivity is decreased. Furthermore, as the
laser energy approaches the direct band gap energy, new effects are coming into
play (electroreflectance) [11]. A recent start-up in Texas, Xitronix, attempts to
use the direct gap transition for USJ characterization [45].

In summary, working in the visible range, where the effective wavelength (λ/2n) is
commensurate with the junction depth, is ideal for the independent extraction of the
junction depth and the carrier concentration, both for equilibrium (spectroscopy) and
PMOR techniques. Wavelengths around 7 µm also provide unexpected capabilities for
sub-40 nm junction characterization, due to the increasing imaginary part of the Drude
coefficient. However working at short wavelength (visible) has many other advantages:
small beam radius size, short penetration depth (no back surface reflection, so working
at normal incidence is possible), easy detection (no need for cooled Mercury-Cadmium-
Telluride detectors) and no black-body radiation noise.
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Figure 3.36: Reflectance variation at three different wavelengths. This illustrate the wavelength
independence of the reflectance at small depths due to the quadratic dependence of the real part of
the Drude coefficient.

Previously, we have studied the possibility to extract the junction depth and the
carrier concentration over the FIR to VIS spectral range. It is also important to assess
the sensitivity of the detection system needed to resolve a small variation in carrier
concentration. In order to do that, we have calculated the functional derivative, <
δ(∆R/R), φ >, of the differential reflectance (∆R/R[N ]) with respect to a variation in
carrier concentration profile φ(z) of the form

φ(z) =


∆N , if z0 < z < z0 + a
0 , otherwise

(3.106)
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This functional derivative reads (App. A.7):

D
δR(δN)/R, φ

E
=αS

D
δ < δκ >1, φ

E
+ βS

D
δ < δκ >2, φ

E
=2∆N sin(4πna/2λ)

×
n

2αS
ˆ
− βr sin(4πn(z0 + a/2)λ) + βi cos(4πn(z0 + a/2)λ)

˜
+ 2βS

ˆ
− βr cos(4πn(z0 + a/2)λ)− βi sin(4πn(z0 + a/2)λ)

˜o
(3.107)

The factors < δ < δκ >1, φ > and < δ < δκ >2, φ > are shown in Fig. 3.37. Above
λ = 5 µm (1/λ < 2 × 104 /cm), the imaginary part of the Drude coefficient (∝ λ3)
makes the sensitivity increase. As expected when the perturbation vanishes (either
a→ 0 or ∆N → 0), there is no change in reflectance. The behavior of < δ(∆R/R), φ >
as a function of the wavenumber is shown in Fig 3.38a for z0 in the range 1 − 30 nm,
assuming ∆N = 1018 /cm3 and a = 2 nm. The sensitivity strongly depends on the
wavelength especially when it is commensurate with the position of the perturbation
(z0). This is a problem when working at a fixed detection wavelength (like CI), since we
are completely blind to changes in δN and a at λeff/4 + kλeff/2 (where k is an integer)
and completely blind to changes in z0 at λeff/2 + kλeff/2 (Fig 3.38b). The global trend
is that the sensitivity in ∆R/R increases with λ (due to the imaginary part contribution
essentially). In the VIS range, typical order of magnitudes in ∆R/R are 10−7 to 10−6.
The precision (standard deviation) in terms of ∆R/R of our tool is 7× 10−6− 2× 10−5,
and is therefore too low to resolve such small changes. In Ref. [154], Opsal mentions
that ∆R/R as low as 10−7 can be measured with his apparatus. Based on this result,
we could wrongly conclude that it is better to work at long wavelength (FIR) in order to
improve sensitivity. However, we have shown in the previous case study (case 2) that, at
long wavelength, only the dose could be extracted and that the independent extraction
of Xj and δNXj was almost impossible. It would be interesting, however, to make a
measurement at a long wavelength in order to determine the bulk concentration level.
Indeed, as will be seen in Sec. 6.2 and 7.4, knowing the bulk excess concentration level
is of great help in order to reconstruct the profile.

With PMOR, the VIS range (keeping away from the direct and indirect bandgap
transitions) is the only possibility to extract the junction depth and the doping con-
centration independently, and, possibly, to reconstruct arbitrary profiles. In this range,
the first order reflection formula (Sec. 3.2.1), which assumes a real refractive index, is
sufficiently accurate. Neglecting the imaginary part accounts for a relatively small error
(Fig. 3.22). When both the carrier (Drude) and the temperature (Jellison) components
are included in the refractive index calculation, the differential reflectance in terms of
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Figure 3.37: Functional derivative of the real (left) and imaginary (right) parts of < δκ̃ > as
a function of the wavelength for different positions z0 of the perturbation. On the left plot, the
dashed lines indicate the result when the imaginary part of δκ̃ is neglected (note that the real part
of < δκ̃ > depends, in general, on both he real and imaginary parts of δκ̃). The perturbation φ(z)
which is assumed for the calculation is drawn in the inset of the left figure. For the calculation of
the imaginary part of the dielectric constant, a dc mobility of 300 cm2/Vs was assumed. The indirect
(E2) and direct (E1) transitions are indicated by the vertical dashed lines.
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Figure 3.38: Left: functional derivative of ∆R/R as a function of the wavelength for different
positions z0 of the perturbation. The perturbation φ(z) which is assumed for the calculation is
drawn in the inset of the left figure. Right: difference of the functional derivative obtained for the
perturbation at z0 > 1 nm and at z0 = 1 nm, in order to illustrate the sensitivity on variation in
z0. In the inset of the right figure, we show that the sensitivity in ∆N and a vanishes when the
perturbation is positioned at zO = λeff/4. Similarly, the sensitivity in z0 vanishes when zO = λeff/2.
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differential excess temperature and carrier concentration reads

∆R/R =
4nair

(n2
av − n2

air)

n
− |βe|

“
Nele
δ (0) +

Z ∞
0

dNele
δ

dz
cos(4πnavz/λ)dz

”
− |βh|

“
Nhol
δ (0) +

Z ∞
0

dNhol
δ

dz
cos(4πnavz/λ)dz

”
+ |δT|

“
Tδ(0) +

Z ∞
0

dTδ
dz

cos(4πnavz/λ)dz
”o

(3.108)

For most applications (except for SOI substrates and very high carrier concentrations),
this formula is sufficiently accurate. Consequently, in the following chapters, we will
mostly refer to this equation to explain the trends. However, when it comes to quan-
titative results, Aspnes’s (reflectance) and Schumann’s models (refractive index) will
be used since we made the effort to implement them and they provide slightly better
accuracy.
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Chapter 4

Material modeling

In chapter 3, we have seen that the complex refractive index of a semiconductor was
dependent on the electron and hole concentrations (plasma) and on the lattice tem-
perature (Fig. 4.1). This chapter is therefore logically devoted to the modeling of the
electro-thermal processes occurring in the semiconductor sample under photo excitation.
With the support of Fig. 4.2, let us now describe what is happening when a focused
laser beam illuminates a (doped) semiconductor sample. We can split the description
into two parts corresponding to the plasma and the temperature.

Part 1. The incident photons (hν) generate electron-hole pairs (ehp) (1a), which
almost instantaneously (picoseconds) thermalize with the lattice (release energy in excess
to the bandgap) (1b). The electrons and the holes drift and diffuse in their respective
energy bands (i.e conduction and valence bands) (1d) before recombining through a
Shockley-Read-Hall or an Auger mechanism (1c). Part 2. The thermalization (1b)
and the recombination (1c) mechanisms transfer heat to the lattice. The heat diffuses
(2) and increases the temperature of the sample.

Let us now describe how the plasma and the temperature interact in our model (Fig.
4.3). The plasma dynamics is central in our model (Fig. 4.3[1]). Electron-hole pairs
(ehp) are generated by the incident photons (hν > Eg), and drift-diffuse through the
sample. It is assumed that the temperature of electrons and holes remains equal to the
lattice temperature at all times. In other words, each generated ehp stores an energy
equal to the bandgap (Eg), assuming that the quasi-Fermi levels lie in the bandgap (this
approximation will be further discussed in Sec. 4.2.2). The energy stored in each ehp
(Eg) is eventually given to the lattice by means of recombination processes (Auger and
SRH). The photon energy in excess of the bandgap (hν − Eg) is taken into account as
a source term contributing to the lattice heating (Fig. 4.3[2]). The total input energy
coming from the lasers is thus eventually completely transferred to the lattice, which
reaches a steady periodic temperature by releasing the energy through a thermal contact
at the back side of the wafer (heat sink). The temperature increase of the wafer is too
weak (a few Kelvins) to influence the plasma dynamics at the considered injection level
(Sec. 5.2), but is nevertheless sufficiently high to contribute to the photoreflectance
signal (Sec. 3.3.1). Note that surface charges are indirectly taken into account in our
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Figure 4.1: The four steps of PMOR modeling.

model through the surface recombination velocities (Fig. 4.3[3]).
The modeling of the plasma and the temperature is successively carried out in Secs.

4.1 and Sec. 4.2. The method used to solve these equations is presented in Sec. 4.4.
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Figure 4.2: Electro-thermal processes in a semiconductor under illumination. Axisymmetry along

the laser path is assumed. The free carrier and heat diffusions are represented by arrows. At the

bottom of the cartoon, a band diagram (electron energy vs. wavevector) represents the local pro-

cesses (ehp recombinations and the subsequent lattice heating) occurring in the semiconductor under

injection.
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4. MATERIAL MODELING

Figure 4.3: Plasma [1], heat [2] and surface charges [3] coupling. The state of the system is entirely

described by the electron (N) and hole (P ) concentrations, the electric potential (φ) and the lattice

temperature (T ). The hot-carrier thermalization heat (hν−Eg) and the recombination heat (Eg) are

given to the lattice [2]. The surface potential (φs) induced by surface charges is indirectly taken into

account through the surface recombination velocity (SRV) of the front surface of the sample [3].
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4.1. Plasma

4.1 Plasma

In this section, we present the transport equations of the plasma (electrons and holes) and
their associated constitutive equations (i.e. compact models which link the absorption
coefficient, the recombination lifetimes, the mobility, etc., to the doping, electron and
hole concentrations, temperature, etc.) which are relevant to the studied problem.

The time-dependent drift-diffusion equations (DDE) are presented in Sec. 4.1.1 and
two important approximations are developed in Sec. 4.1.2 and 4.1.3, respectively for
the modeling of the steady state and the steady-periodic state of homogeneously doped
samples (ambipolar equation). The modeling of the homogeneously doped substrate is
indeed of particular interest since, as will be shown in Chap. 6, the plasma dynamics
in a non-homogeneously doped sample can be decoupled into two sub-problems. First,
the dynamics of the bulk (which is homogeneously doped), and, second, the electrostatic
through the p-n (or p-p) junction assuming that the quasi Fermi levels are flat and are
imposed by the bulk. The frequency dependence of the solution in the bulk, the so called
“steady-periodic state”, is a priori of minor importance for Carrier Illumination (CI),
which operates in the quasi-static regime (2 kHz), but becomes prominent at higher
modulation frequencies (1 MHz and above), like for Therma-Probe (TP). The reason
for including the steady-periodic approximation in this thesis is twofold. First, we want
to develop the tools needed to study a large range of conditions (e.g. the effect of the
modulation frequency) that can be used in photo modulated optical reflectance (PMOR)
experiments. Second, although CI operates in the static regime, second harmonics are
present in the measured signal and it seems interesting to study this phenomenon.

4.1.1 The drift-diffusion equations

Although the drift-diffusion equations (DDE) are well known by solid-state physicist and
appear in many text books [182, 131, 201], it is convenient to include them in this thesis,
since we will refer to them in a few, yet important, circumstances (e.g. the presentation
of our own numerical implementation of the DDE solver and various approximations in
the following sections and in Chap. 6). Especially, the concept of quasi-electric fields
needs to be clarified since it plays a major role in the nature of the solution of the DDE,
as will be shown in Chap. 5.

The transport of electrons and holes in a doped semiconductor sample can be de-
scribed at the simplest by the zeroth order moment expansion of Boltzmann’s equation,
the so called drift-diffusion equations [131]. Neglecting higher order moments is equiva-
lent to assuming that electrons and the holes reach thermal equilibrium instantaneously
and that their temperature gradients vanish [131]. In Carrier Illumination, the pump
modulation frequency is 2 kHz (quasi-static regime) so that the time dependence of the
DDE can be further neglected. However, since we do not want to restrict the discussion
to low modulation frequencies, the time-dependent DDE are considered [35]

∇.εE = q(P −N + C) (4.1)

dN/dt−∇.Jn = q(G−R) (4.2)

dP/dt+ ∇.Jp = q(G−R). (4.3)
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4. MATERIAL MODELING

Equation 4.1 is the equation for the electric field E (V/m) and Eqs. 4.2 and 4.3 are the
continuity equations for the electron and hole currents, Jn and Jp (C/m2s) respectively.
The coefficient ε (F/m) is the dielectric permittivity of the medium, and q (C) is the
(positive) electron charge. C(x,y,z) (/m3) is the a priori known position-dependent active
doping concentration1, and N and P are the electron and hole concentrations2 (/m3).
The optical generation rate G (/m3s) is given by Smith’s band-to-band absorption model
[195] (Sec. 4.1.4) and the recombination rate R (/m3s) is the sum of the recombinations
rates due to Shockley-Read-Hall and Auger mechanisms (Sec. 4.1.5). Equations 4.1 to
4.3 are solved on a three-dimensional domain Ω assuming axisymmetry with respect to
the laser beam axis (generation rate G). The following boundary conditions are applied
on the full surface of the domain δΩ

E .n = 0 (4.4)

Jn .n = −qRsurf (4.5)

Jp .n = +qRsurf, (4.6)

except on the symmetry axis where Jn,p .n = 0 (n is the vector normal to the surface
δΩ). Rsurf (cm−2/s) is the surface recombination rate (Sec. 4.1.5).

The electric field (E) and the electron and hole currents (Jn and Jp) of Eqs. 4.1 to
4.3 read [35]

E = −∇φ (4.7)

Jn = −qN µn∇φn (4.8)

Jp = −qP µp∇φp (4.9)

where φn and φp (V) are the electron and hole quasi Fermi levels. The electron and hole
mobilities µn and µp (V/m2s) are given by Klaassen’s model [120, 121] (Sec. 4.1.8) with
the parametrization coefficients used in Ref.[110].

The system of Eqs. 4.1 to 4.9 is closed when expressions of N and P are given as
a function of the quasi Fermi levels φn and φp, and of the electron and hole density of
state functions ρe(E) and ρh(E) (functions of the electron energy E = −qφ)

N =

Z +∞

−∞
ρe(E)

1

1 + exp((E − En)/Vth)
dE (4.10)

P =

Z +∞

−∞
ρh(E)

„
1− 1

1 + exp((E − Ep)/Vth)

«
dE (4.11)

As pointed out in Ref.[211], ρe(E) and ρh(E) are position dependent due to doping
concentration variations in the sample. Models describing their shape as a function of
doping concentration exist [211], but practically, they can be described as an effective
density of state Nc and Nv, so that, assuming Fermi-Dirac statistics,

N =NcF1/2((φc − φn)/Vth) (4.12)

P =NvF1/2((φp − φv)/Vth) (4.13)

1Complete ionization is assumed.
2Upper case symbols N and P are used to designate respectively the electron and hole

concentrations, since the lower case n is already used to designate the refractive index. When
the symbol appears as an index, the lower case is used.
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4.1. Plasma

where F1/2 is the Fermi 1/2 integral. Those integrals have been fitted by Joyce-Dixon
[117] with functions that are convenient to implement in a numerical code. A review of
alternative fitting functions has also been made by Selberherr [182]. Vth = kBT/q is the
thermal voltage, and φc and φv are the conduction and valence band potentials, which
are respectively given by (Fig. A.5)

φc =φ0 + φ+ χ/q (4.14)

φv =φ0 + φ+ χ/q + Eg/q (4.15)

where φ0 (V) is an arbitrary constant, χ > 0 (eV) is the electron affinity and Eg >
0 (eV) is the bandgap energy. Practically, a change in Nc or Nv due to doping or
excess carrier concentration can be modeled as a change in affinity (∆χ) and bandgap
energy (∆Eg). In other words, the macroscopic energy gap narrowing, as determined
by electrical measurements, is the result of the optical-gap narrowing and of equivalent
narrowing caused by the lattice disorder [210]. Practically, the affinity and bandgap
variations, ∆χ and ∆Eg, are given as a function of the doping and carrier concentration
by some compact model. At the best knowledge of the author, the latest published
model is due to Schenk [176] (Sec. 4.1.7). Practically, it is convenient to write the
electron (Eq. 4.12) and hole (Eq. 4.13) concentrations in terms of exponential functions

N =Ncγn exp((φc − φn)/Vth) (4.16)

P =Nvγp exp((φp − φv)/Vth) (4.17)

where the factor γn and γp are defined as (they can be seen as garbage factors accounting
for Fermi-Dirac statistics)

γn =F1/2((φc − φn)/Vth)/ exp((φc − φn)/Vth) (4.18)

γp =F1/2((φp − φv)/Vth)/ exp((φp − φv)/Vth) (4.19)

The intrinsic density of state can be calculated from Eqs. 4.16 and 4.17 assuming a non-
degenerate material (γn = γp = 1) at equilibrium (φn = φp) without BGN (Eg = Eg300

is the band gap of pure silicon at equilibrium at 300 K)

ni =
√
NcNv exp(−Eg300/2kBT ) (4.20)

It is also convenient to define the effective intrinsic density of state in order to account
for BGN

nie =
√
NcNv exp(−Eg/2kBT ) = ni exp(−∆Eg/2kBT ) (4.21)

Note that the drift-diffusion nature of Eqs. 4.8 and 4.9 does not directly appear in
this form but can be revealed when the quasi-Fermi potentials are expressed in terms
of the electrical potential and the electron and hole concentrations. From Eqs. 4.8, 4.9,
4.12 and 4.13, the electron and hole currents can be calculated

Jn = qDn∇N + qNµnE − qNµn∇χ− qNDn∇ ln(Ncγn) (4.22)

Jp = −qDp∇P + qPµpE − qPµp∇χ− qPµp∇Eg + qPDp∇ ln(Nvγp) (4.23)
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This expression shows that, besides the usual drift (qNµnE) and diffusion (qDn∇N)
currents, additional drift currents, the so called quasi-drift currents, have appeared.
Those currents are induced by the quasi-electric fields Ec = −∇χ −∇ ln(Ncγn) and
Ev = −∇χ −∇Eg + ∇ ln(Nvγp). The impact of these quasi-fields is prominent when
the gradient of the doping and/or carrier concentrations is large.

In this thesis, Fermi-Dirac statistics is always assumed. As for the bandgap nar-
rowing (gradients in χ and Eg), models due to Slotboom [194] and Schenk [176, 9]
are compared. A recent calculation by Altermatt [8], taking into account Schenk’s
bandgap narrowing model and revised Klaassen’s mobility model (µmax is 1520 instead
of 1417 cm2/Vs in Ref.[121]), shows that ni = 9.65 × 109 /cm3. In this thesis, since
we were unaware of this updated ni value, we have assumed Nc = 2.8 × 1019 /m3,
Nv = 1.04× 1019 /cm3 and Eg300 = 1.08 eV, which, at 300 K (Vth = 0.0259 V), yields
ni = 1.448 × 1010 /cm3. This is the value commonly assumed prior to 1990 [190, 8].
Anyway, since only the gradients of Nc or Nv contribute to the currents, this constant
shift does not affect the transport. As for the recombinations, perturbations in ni values
do not modify the recombination rates, since from Eqs. 4.16 and 4.17 at high injection,
PN = γnγpn

2
ie exp((φp − φn)/2Vth) >> P0N0 = γnγpn

2
ie, where N0 and P0 are the

equilibrium electron and hole densities.

4.1.2 The ambipolar diffusion equation

When the electric and quasi-electric fields can be neglected, e.g homogeneously doped
substrate (E = 0) without injection dependent BGN (∇Eg = 0 and ∇χ = 0 ), and when
the excess electron and hole concentrations (∆N = ∆P ) are equal (no charge trapping),
the DDE reduce to one ambipolar equation [212, 138]

d∆N/dt−∇.Da∇∆N = U = G−R in Ω (4.24)

Da ∇∆N.n = s∆N in δΩ (4.25)

where U = G − R is the net generation/recombination rate. The generation (G) and
recombination (R) rates, and the surface recombination velocity (s) are discussed in Sec.
4.1.5. The ambipolar diffusion coefficient Da is discussed in Sec. 4.1.8.

4.1.3 The steady-periodic ambipolar diffusion equations

The resolution of the time-dependent DDE (Eqs. 4.1 to 4.3) is extremely time consuming,
since a steady-periodic state can only be reached after a sufficient number of modulation
periods (number which increases with the modulation frequency). Furthermore the
second and higher order harmonics can hardly be extracted in the time domain when
their amplitudes are two orders of magnitude smaller than the fundamental harmonics,
as observed experimentally with CI (Fig. 2.7). At the modulation frequency used in CI
(2kHz), reaching the steady-periodic state is however not a problem, since the carriers
are in-phase with the pump. It is actually not even necessary to compute the solution
over a full time-period. It is indeed sufficient to compute the steady state solution
at two particular times corresponding to the minimum and to the maximum of the
pump irradiance. Obtaining the very small amplitudes of the second and higher order
harmonics however requires to solve the time-dependent DDE in the frequency domain.
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4.1. Plasma

The equations in the frequency domain are also called harmonic balance equations [125,
164].

Writing the DDE in the frequency domain is a complicated task due to the strong
non-linearity of the potential equations written in Slotboom’s variables (App. A.10).
We did not have the necessary time to achieve this task so that we restrict the analysis
to the ambipolar equation.

Time-dependent (ωτ is not � 1) and/or nonlinear (second and higher harmonics)
effects in the ambipolar diffusion equation (Eq. 4.24) can be studied by writing the
solution in the frequency domain. In the special case where the nonlinear recombina-
tion terms have a polynomial expression (like Auger, and to a lesser extent SRH), the
nonlinear diffusion equation can be exactly decomposed into uncoupled equations, one
for each harmonic (including the dc component). As we will see, the equation for the
dc component is nonlinear but the equations for the harmonics are linear and depend
on the solution of the lower order harmonics. Without any approximation, we can write
the steady periodic excess carrier ∆N(r, z, t) as an infinite Fourier series

∆N(r, z, t) =

∞X
k=−∞

∆Ñk(r, z) ekiωt (4.26)

where ω is the excitation frequency. The coefficient3 ∆Ñk = ∆Ñ∗−k for k 6= 0 are in
general complex and depend on the position, except for N0 which is always real. By
substituting Eq. 4.26 into the time dependent ambipolar diffusion equation (Eq. 4.24)

d∆N

d t
−∇.Da(∆N)∇∆N = U(∆N) (4.27)

we obtain (up to k=2)4

− iω∆Ñ−1 e
−iωt + iω∆Ñ1 e

iωt − 2iω∆Ñ−2 e
−2iωt + 2iω∆Ñ2 e

2iωt

−∇.Da(∆N0)∇
 

2X
k=−2

∆Ñk(r, z) ekiωt
!

= U

 
2X

k=−2

∆Ñk(r, z) ekiωt
!

(4.28)

where we assumed that Da = Da(∆N0) is independent of ∆Ñk 6=0 (this approximation
is discussed further in Sec. 5.2.4.6 of the next chapter). The nonlinear right hand side
can be expanded in Fourier series

U

 
2X

k=−2

∆Ñk(r, z) ekiωt
!

=

2X
k=−2

Ũk(∆Ñj) e
kiωt (4.29)

3The symbol ∗ indicates the complex conjugate
4The third harmonic is actually of the same order as the second harmonic (due to Auger

processes) but does not couple with it when |∆Ñ2| and |∆Ñ3| � |∆Ñ1|. The calculation up to
the third harmonic has been made by Janusz Bogdanowicz [24]
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where we introduced the Fourier components Ũk of U. By identifying terms in ekiωt of
Eq. 4.28, we obtain a set of three coupled equations, respectively for the dc, first and
second harmonic equations

−∇.Da(∆N0)∇∆N0 =U0 (4.30)

±iω −∇.Da(∆N0)∇∆Ñ±1 =Ũ±1 (4.31)

±2iω −∇.Da(∆N0)∇∆Ñ±2 =Ũ±2 (4.32)

These equations are in general nonlinear as the Ũk coefficients depend on the ∆Ñk,
through the generation (G) and recombination (RSRH and RAug) mechanisms, which
are described respectively in Sec. 4.1.4 and 4.1.5

Ũk = G̃k − R̃SRH
k − R̃Aug

k (4.33)

The system of equations finally reads,

−∇.Da(∆N0)∇∆N0 =G0 −RSRH
0 −RAug

0 (4.34)

±iω −∇.Da(∆N0)∇∆Ñ±1 =G̃±1 − R̃SRH
±1 − R̃Aug

±1 (4.35)

±2iω −∇.Da(∆N0)∇∆Ñ±2 =G̃±2 − R̃SRH
±2 − R̃Aug

±2 (4.36)

If the generation is assumed independent of the ∆Ñk 6=0 (Sec. 4.1.4), the optical gener-
ation contains a steady and a first harmonic component

G(∆N0) =G− +
1

2
G∼ (1 + cos(ωt))

=G− +
1

2
G∼ +

1

4
G∼ e

iωt +
1

4
G∼ e

−iωt (4.37)

so that

G0(∆N0) =G− +
1

2
G∼ (4.38)

G±1(∆N0) =
1

4
G∼ (4.39)

G±2 =0 (4.40)

The expressions of the harmonic Auger and SRH recombination terms are very tedious
to obtain. A symbolic manipulation software is best used and results are given in App.
A.9.

The nonlinear system of equations 4.34 to 4.36 can be solved by a Newton itera-
tive scheme and the time dependent signal can then be reconstructed, either using the
complex form of the Fourier series of Eq. 4.26, or using its real form

∆N(r, z, t) = ∆N0 +

2X
k=1

“
∆Ik(r, z) cos (kωt)−∆Qk(r, z) sin (kωt)

”
(4.41)

where we have defined the inphase ∆Ik and quadrature ∆Qk excess concentrations

∆Ik = ∆Ñk + ∆Ñ∗k = 2<(∆Ñk) (4.42)

∆Qk =
∆Ñk −∆Ñ∗k

i
= 2=(∆Ñk) (4.43)
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which are the output quantities of a xy-mode lock-in amplifier. In terms of an Rθ-mode
lock-in amplifier, the following form is more convenient

∆N(r, z, t) = ∆N0 +

2X
k=1

(Rk cos(kωt+ θk)) (4.44)

where we have defined tha amplitude Rk and the angle θk

Rk =2

q
∆Ñk∆Ñ∗k =

q
∆I2

k + ∆Q2
k (4.45)

θk = tan−1

„
−=(∆Ñk)

<(∆Ñk)

«
(4.46)

4.1.4 Absorption and optical generation models

The absorption coefficient in an indirect bandgap semiconductor, like silicon, is essen-
tially made up of two components [159]. First, the free carrier absorption (FCA), due
to intraband transitions, and, second, the band-to-band absorption (BBA), due to in-
terband transitions assisted by phonons. Both FCA and BBA tend to decrease light
intensity in the medium but BBA only contributes to the creation of electron-hole pairs
(ehp). Let us now discuss both absorption mechanisms.

The band-to-band absorption (BBA) coefficient has been derived by Smith [195]
from quantum mechanical calculation and is given here for an indirect gap material

αbba(z) =
X
π,β

Aβ
η

“
γ1,π (hν + Eπ − Egap(z))2 + γ2,π (hν − Eπ − Egap(z))2

”
(4.47)

with

Aβ =
Abba E

Virt
β

hν
“
EVirt
β − hν

”2 , γ1,π =
1

e
Eπ
kT − 1

, γ2,π =
1

1− e−
Eπ
kT

(4.48)

where hν is the photon energy, Egap is the optical[210, 80, 81] bandgap energy, Eπ
is the phonon energy of the πth participating phonon, EVirt

β is the energy of the βth

virtual transition and Abba = 7.59× 103 cm−1 is a coefficient originating from quantum
mechanical calculations. The sum runs on all the possible combinations of phonons
and virtual states. MacFarlane [130] found out that only one phonon (E = 0.0553 eV)
contributes to the transition when the photon energy is clearly more than the band
gap (which is the case in CI for both the probe and pump lasers). Four virtual states
contribute to the transition (3.4, 4.4, 5.2 and 5.4 eV). The absorption coefficients are in
the range 80−200 cm−1 and 600−1000 cm−1 respectively for the probe (hν = 1.26 eV)
and the pump (hν = 1.50 eV) laser depending on the doping concentration (Fig. 4.4).

The carrier generation rate (cm−3s−1) of each laser as a function of radial distance
(r) and depth (z < 0) in the medium, assuming a Gaussian beam shape, reads

G(r, z) =
Ilas

hν
e
−( r

Rlas
)2

(1−R) αbba e
R z
0 αbba(Z) dZ (4.49)
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where Ilas is the laser irradiance (8.06 × 105 W/cm2 and 3.79 × 105 W/cm2 for the
probe and pump lasers respectively), and Rlas is the laser radius (1.5 µm and 2.2 µm for
the probe and pump respectively). The reflectivity coefficients in silicon (Sec. 3.3.1) are
R=0.318 and R=0.325 respectively for the probe (980 nm) and the pump (830 nm) lasers
at 300 K.5 Practically, the depth dependence of αbba can be neglected in the integral,
so that

R z
0
αbba(Z) dZ = αbbaz.
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Figure 4.4: Left: silicon band-to-band absorption (BBA) coefficient in function of the laser

photon energy at two bandgap energies. A noticeable increase in absorption coefficient is observed

when the bandgap is reduced by 10 % (corresponding to about 1020 /cm3 doping concentration).

Right: silicon free-carrier absorption (FCA) coefficient in function of the laser photon energy at

various donor concentrations (/cm3).

The free-carrier absorption (FCA) has already been discussed in Secs. 3.3.2 and 3.3.3.
The absorption coefficient varies over 8 decades when the free-carrier concentration is
varied from 1015 to 1020 /cm3 (Fig. 4.4 right). When the concentration is above 1019

/cm3, the FCA coefficient starts to compete with the BBA coefficient. However, this
effect can be neglected since the thickness of the film is not sufficient (< 100 nm) to
absorb a noticeable fraction of the photon flux, and the lowly doped substrate does not
contribute significantly to the absorption when the injection is not too high (< 1019

/cm3 free-carrier concentration),

In conclusion, FCA will be neglected for the computation of the carrier concentration
with respect to BBA (αbba � αFCA). The FCA and BBA mechanisms play thus a
asymmetrical role in our modeling. In the optical modeling, only FCA is considered
(Sec. 3.3.2), while in the material modeling, only BBA is considered.

5The total power of a cylindricaly-shaped laser beam of radius R [irradiance (W/cm2) I = I0
if r < R, I = 0 if r > R] and of a gaussian-shaped laser beam of gaussian-radius R [I =

I0 e−(r/R)2 ] are both given by P = πI0R2
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4.1.5 Bulk Recombination models

The bulk recombination rate R(N,P ) (m−3 s−1) is given by the sum of the Auger (Raug)
and SRH (Rsrh) contributions

Raug =An(PN2 −Nn2
ieγnγp) + Ap(NP

2 − Pn2
ieγnγp) (4.50)

where the Auger coefficients An = 2.8× 10−31 cm6/s, Ap = 9.9× 10−32 cm6/s are taken
from Ref. [110].

Rsrh =
PN − n2

ieγnγp
τp(N + nieγne(Et−Ei)/kBT ) + τn(P + nieγpe(Et−Ei)/kBT )

(4.51)

where τn and τn are the SRH doping concentration dependent lifetimes (Fig. 4.5)

τn =τ0
n/(1 + (Na +Nd)/Nsrh) (4.52)

τp =τ0
p/(1 + (Na +Nd)/Psrh) (4.53)

The SRH coefficients τ0
n, τ0

p (s), Nsrh and Psrh (cm−3) depend on the wafer or layer
growing conditions. Typical values can be found in Ref. [182] and are shown in Tab. 4.1
for convenience. The trap energy level (Et) is assumed to be equal to the intrinsic energy
level (Ei). At high injection [exp((φp − φn)/2Vth) � 1], the terms in nie are negligible
in Eqs. 4.50 and 4.51 since pn = γnγpn

2
ie exp((φp − φn)/2Vth) >> p0n0 = γnγpn

2
ie.

In Eqs. 4.52 and 4.53, only the active fraction of the dopants are considered and it
is supposed that electrically inactive dopants cannot be used as recombination centers.
The impact of τ0

n, τ0
p , Nsrh and Psrh on the excess carriers will be investigated in Sec.

5.2. At high injection (> 1018 /cm3) or at high doping concentration (> 1019 /cm3),
the Auger recombination mechanism dominates (Fig. 4.6).
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Figure 4.5: Silicon SRH electron (τn) and hole (τp) lifetimes in function of total doping concen-

tration. τ0
n = 3.94× 10−4 s, τ0

p = 3.94× 10−5 s, Nsrh = Psrh = 7.1× 1015 /cm3

4.1.6 Surface Recombination models

Surface recombinations are more complex to describe than bulk recombinations since
they depend on the nature of surface-specific states, and therefore on the treatment of
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Figure 4.6: (a) SRH and Auger lifetimes (τeff = ∆N/R) in silicon at various excess carrier

concentrations (∆N). (b) Effective lifetimes (τ = (1/τsrh + 1/τaug)−1) for silicon at various excess

carrier concentrations (∆N). At typical injection levels (1018 /cm3), Auger dominates SRH over

the full doping concentration range. τ0
n = τ0

p = 5 × 10−5 s, Nsrh = Psrh = 5.0 × 1016 /cm3,

An = 2.8× 10−31 cm6/s, Ap = 9.9× 10−32 cm6/s.

τ0
n (s) Nsrh (/cm3) τ0

p (s) Psrh (/cm3)

Ref 1 5.0× 10−5 5.0× 1016 5.0× 10−5 5.0× 1016

Ref 2 3.94× 10−4 7.1× 1015 3.94× 10−5 7.1× 1015

Ref 3 3.95× 10−4 7.1× 1015 3.52× 10−5 7.1× 1015

Ref 4 1.0× 10−5 3.0× 1017 1.0× 10−5 3.0× 1017

Table 4.1: Typical SRH constants [182].

the surface and storage conditions. The recombination through a single discrete trapping
level has been described by Shockley and Read [187]. A generalization to more than
one distinct trapping level, and to distributed traps has been developed respectively by
Blakemore [20], and Simmons and Taylor [191].

In this section, we first consider the SRH recombination through a single discrete
trapping level, characterized by its electron (σn) and hole (σh) capture cross-sections6

and we derive an expression for the surface recombination velocity as a function of
the surface potential. We then consider the more realistic case of Pb centers [162, 38],
which are characteristic traps due to dangling bonds at the silicon surface. These Pb
centers have a distributed energy within the band gap and are characterized by different
electron (n) and hole capture (p) cross sections (σ0

n, σ0
p, σ+

n , σ−p ) depending on their
initial7 charge state (0, + or −). We present the theory for the calculation of the charge
density of these Pb centers as a function of the substrate injection level, based on the
work of Panayotatos and Card [158], and for the calculation of the surface recombination
velocity as a function of the surface potential based on the work of Hubin and co workers

6A trap is always amphoteric, i.e. it acts both as an electron trap and as a hole trap[191].
7Before the electron or hole capture
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[109].

4.1.6.1 Single trapping center

The surface recombination rate Rsurf (m−2 s−1) through a single discrete trapping level,
characterized by its electron (σn) and hole (σh) capture cross-sections, is given by the
Shockley-Read-Hall (SRH) expression, here considering Fermi-Dirac statistics,

Rsurf =
P N − n2

ie γnγp
(N + nieγn)/sp + (P + nieγp)/sn

(4.54)

where sn = σnvthNit and sp = σpvthNit (cm/s) are the electron and hole surface re-
combination velocities (SRVs) respectively. Nit is the interface recombination center
concentration, vth is the thermal velocity (' 107 cm/s), and σn and σp are respectively
the electron and hole capture cross sections.

Two particular cases of interest in case of high injection conditions (∆N,∆P �
N0, P0) are to be considered. First (1), the excess electron and hole concentrations
are equal at the surface (∆Ns = ∆Ps), and, second (2), the excess electron and hole
concentrations are equal in the bulk8 but not at the surface due to a surface potential
[∆Nb = ∆Pb, ∆Ns = ∆Nb exp(φs/Vth),∆Ps = ∆Pb exp(−φs/Vth)]9.

In case (1), where the excess electron and hole concentrations are equal at the surface
(∆Ns = ∆Ps), the SRH expression can be simplified to

Rsurf = s ∆Ns with s =
P0 +N0 + ∆Ns

(N0 + ∆Ns)/sp + (P0 + ∆Ns)/sn
(4.55)

where N0 and P0 are the equilibrium electron and hole concentrations respectively and
∆Ns is the excess carrier concentration at the surface. We assumed either high injection
(case of the substrate) or high doping concentration (case of the doped layer) so that
nieγn,p is negligible with respect to N0, P0 or ∆Ns.

For a p-type substrate, the surface recombination velocity (SRV) is known to decrease
with injection level (η = ∆N/P0), considering mid-gap recombination centers, as pointed
out by Schroder [180]. Since the typical injection level on a lowly doped substrate
(p0 = 1015 /cm3) at the laser irradiance used in CI is rather high (η ' 103), the
surface recombination velocity should be low. Nevertheless, it may be non-negligible
depending on the surface recombination center density (Nit) and capture cross sections
(σn,p). Let us consider the behavior of s under low (nie/D0 � ∆n/D0 � sp/sn),
moderate (sp/sn < ∆n/D0 ' 1) and high (∆n/D0 � 1) injections, where D0 is the
doping concentration of the considered matrix (either n-type or p-type). Considering
σn/σp ' 102−104, which is consistent for Si/SiO2 interfaces [99, 180], the recombination
velocity s is controlled by sp at moderate and high injections. At low injection, however,
s is controlled by sp for an n-type substrate and by sn for a p-type substrate. Table 4.2
recapitulates the different behaviors of s at low, moderate and high injections, for n- and
p-type substrates. It should however be kept in mind that even when s is not explicitly

8Do not be confused with the notations: the symbol Pb is either used to refer to “Pb” trapping
centers, or to the hole concentration in the bulk.

9It is here implicitely assumed that the quasi-Fermi levels remain flat and equal to the bulk
values throughout the space charge region.
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dependent on the doping concentration, it is implicitly dependent on it through the
dependence of sn and sp on the interface recombination center concentration (Nit) and
capture cross sections (σn,p) [210].

low moderate high
(nie/D0 � ∆N/D0 � sp/sn) (sp/sn < ∆N/D0 ' 1) (∆N/D0 � 1)

n-type (D0 = N0) sp sp sp
p-type (D0 = N0) sn sp(P0 + ∆N)/∆N sp

Table 4.2: Surface recombination velocity s at low, moderate and high injections, for n- and p-type
substrates.

In case (2), where the excess electron and hole concentrations are equal in the bulk
but not at the surface due to a surface potential [∆Nb = ∆Pb, ∆Ns = ∆Nb exp(φs/Vth),∆Ps =
∆Pb exp(−φs/Vth)]. The SRH surface recombination rate (Eq. 4.54) becomes

Rsurf =
PbNb − n2

ie

Nb exp(φs/Vth)/sp + Pb exp(−φs/Vth)/sn
(4.56)

Since at high injection the bulk electron and hole concentrations are equal (Nb = Pb =
∆Nb), we can define an effective surface recombination velocity seff [5, 148]

Rsurf = seff∆Nb with seff =
snsp

sn exp(φs/Vth) + sp exp(−φs/Vth)
(4.57)

For oxidized surfaces [99, 180], σn/σp = 102 − 104, while for silicon - silicon nitride
surface [179, 177], σn/σp < 1. The maximum of seff occurs for a surface potential
φSmaxs = −Vth/2 ln(σn/σp). Hence, depending on the ratio σn/σp, seff is maximum at
different surface potential (Fig. 4.7). An extensive discussion of the variation of seff as
a function of charge injection and for different initial surface charge conditions will be
carried out in the next chapter (Sec. 5.1).
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Figure 4.7: Normalized surface recombination velocity (s̄eff) as a function of the surface potential.

The maximum of s̄eff occurs at φSmaxs = −Vth/2 ln(σn/σp).
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4.1.6.2 Pb center

According to Poindexter et al. [162], the trap density at the Si/SiO2 interface charges
(Dit) of oxidized (111) and (100) oriented silicon partially originates from Pb0 centers
(Pb1 centers are also present but in a lesser density and are of the same nature as the Pb0

centers [38]), which have the following characteristics. The Pb0 center is an amphoteric
trap which can accept two electrons. When the center is unoccupied, it is positively
charged. When the Fermi-level increases from the valence band to the conduction band,
electrons are successively added to the empty (positively charged) center. When the
Fermi-level is increased from the valence band to midgap position, the Pb0 center accepts
an electron and becomes neutral (+→ 0), i.e. it acts as a donor-like center (positive if
unoccupied, neutral if occupied by an electron). When the Fermi-level is increased above
midgap, the now neutral Pb center becomes negatively charged (0 → −), i.e. it acts as
an acceptor-like center (neutral if unoccupied, negative if occupied by an electron). The
first (+→ 0) and the second (0→ −) transitions show a peak respectively at an energy
Ev + 0.31 eV (1.4 × 1013 eV−1cm−2) and Ev + 0.80 eV (1.7 × 1013 eV−1cm−2), with a
characteristic width of 0.1 eV approximatively (Fig. 4.8a).

Figure 4.8: sketch of the Pb-level density of state distribution [N(E)]. When unoccupied, the Pb

center is positively charged (P+
b ) and is neutral when occupied by one electron (P 0

b ). When occupied

by two electrons, the Pb center is negatively charged (P−b ).

Let us now compute the net charge density (Qit) stored in Pb centers, first considering
equilibrium (Efn = Efp). When the trap energy Et is above the Fermi level (Et > Ef ),
the trap is empty (in the 0K approximation), otherwise (Et < Ef ), it is occupied with
an electron. For example, in a strongly doped n-type material, the Pb-centers will be
negatively charged while in a p-type material they will be positively charged. This is
illustrated in Figs. 4.9a and 4.9b. Note that different interpretations of the nature of
the trap10 lead to the same results in terms of net interface charge density (Figs. 4.9d

10See App. A.12 for a definition of the different kinds of traps.
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and 4.9e). Indeed, the sub-midgap Pb level can be modeled either as a donor trap (NDt)
or as a neutral hole trap (NHt) (positively charged if Et > Ef and neutral otherwise),
and the above-midgap level either as an acceptor trap (NAt) or as a neutral electron
trap (NEt) (negatively charged if Et < Ef and neutral otherwise). Depending on the
assumed combination (e.g. NDt above mid-gap and NEt below, or NDt above mid-gap
and NAt below, etc.), Qit is invariably the same at equilibrium. It can however be either
positive, negative or zero in non-equilibrium conditions (Efn 6= Efp). This is illustrated
in Figs. 4.9c and 4.9f for two combinations of the trap distributions. If we assume that
the below-midgap level is a donor trap (NDt) and the above-midgap level is an acceptor
trap (NAt), Qit vanishes at high injection (Fig. 4.9c). Alternatively, if we assume that
the above-midgap level is a neutral electron trap (NEt), Qit is only controlled by the
electron Fermi-level and is negative at high injection (Fig. 4.9f). The reason for this
seemingly contradictory behavior is that this picture of the trap occupation in non-
equilibrium conditions is simply not valid.

Figure 4.9: (Color). Interface charge density (Qit) at equilibrium for n-type (a and d) and
p-type (b and e) substrates, and at high injection (c and f). Two trap configurations (out of four
possible configurations) are considered. The above-midgap level is either an acceptor trap (a-c) or a
neutral electron trap (d-f). The sub-midgap level is a donor trap in both cases. At equilibrium, the
net charge density is independent of the kind of above-midgap level. Out of equilibrium, a vanishing
(c) or negative (f) charge density is obtained, depending on the nature of the trap. This picture is
actually not valid out of equilibrium as explained in the text. The color of the trap refers to the Fermi
level which controls the trap. Red and blue traps are controled by respectively the electron and hole
Fermi levels.
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Actually, the occupancy of the recombination center in non-equilibrium conditions
is determined by the electron and hole capture cross sections and by the free electron
and hole concentrations. The electron occupancy of a center is given by[103, 158]

f =
σnN + σpNve

−(Et−Ev)/kT

σn (N +Nce−(Ec−Et)/kT ) + σp (P +Nve−(Et−Ev)/kT )
(4.58)

For deep traps and at high enough injection, the exponential terms can be neglected.
Indeed, if Et is more than 0.2 eV away from the valence or conduction band edge, the
exponential factors are all smaller than 5× 10−4 at 300 K and we can rewrite Eq. 4.59
as

f =
σnN

σnN + σpP
(4.59)

Since a Pb center has three different states of occupancy (0, 1 or 2 electrons), four
different transitions are possible, each characterized by its electron or capture cross
section (Fig. 4.10). When the center is initially positively charged (donor trap), it can
only capture one electron and become neutral (Fig. 4.10c). The capture cross section of
this transition is either noted σnD or σ+

n in the literature. When the center is initially
negatively charged (acceptor trap), it can only capture a hole and become neutral (σpA
or σ−p ) (Fig. 4.10b). When the center is initially neutral, it can either capture an
electron (neutral acceptor trap, σnA = σ0

n, (Fig. 4.10a) or a hole (neutral donor trap,
σpD = σ0

p, Fig. 4.10d). In the literature [99], two models of capture cross section are
usually considered:

� In the first model, the electron and hole capture cross sections are independent of
their initial charge state, i.e.

σnA = σnD = σn (4.60)

σpA = σpD = σp (4.61)

For Si/SiO2 interfaces, it is usually assumed that σn � σp [99, 180].

� In the second model, the electron and hole capture cross sections depend only on
their initial charge state, i.e.

σpD = σnA = σN (4.62)

σpA = σnD = σC (4.63)

It is usually further assumed than σC � σN [158, 99], due to the attractive
(coulombic) nature of the ionized states. This assumption seems to be valid for
c-Si/a-Si interface[148] but it is not clear if this can also be applied for Si/SiO2

interface.

The occupation probability fD of the donor-like center is thus given by Eq. 4.59
with σn = σnD and σp = σpD. Similarly, the occupation probability fA of the acceptor-
like center, is given by Eq. 4.59 with σn = σnA and σp = σpA. Typical occupation
probabilities fA and fD for a p-type sample from low (1010 /cm3) to high (1018 /cm3)
injections, assuming the second cross section model with σC � σN (i.e. σpA � σnA and
σnD � σpD) are shown in Fig. 4.11a.
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Figure 4.10: Illustration of the four possible transitions in a Pb center. (a-b) The acceptor trap

(above midgap) can either capture an electron (if initially in neutral charge state) or a hole (if initially

in negative charge state). It is characterized by an electron (σnA) and a hole (σpA) capture cross

sections. (c-d) The donor trap (below midgap) can either capture an electron (if initially in positive

charge state) or a hole (if initially in neutral charge state). It is characterized by an electron (σnD)

and a hole (σpD) capture cross sections.
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Figure 4.11: (a) Occupation probabilities f(Et) (Eq. 4.59) of the acceptor (fA) and donor (fD)

recombination centers as a function of the electron energy for a p-type sample (1014 /cm3) at different

injection levels (indicated in /cm3 on the corresponding line). It is assumed that σC/σN = 100. The

gray areas correspond to the energies where the density of state of the Pb recombination centers is non

zero. (b) Net interface charge density (Qit) as a function of bulk excess carrier concentration (/cm3)

for a p-type substrate(1015 /cm3) and for various conditions of the capture cross section ratio.
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The net charges in the donor-like and acceptor-like centers are then given respectively
by

QD =q

Z Ec

Ev

(1− fD)NDt(E)dE (4.64)

QA =− q
Z Ec

Ev

fANAt(E)dE (4.65)

Figure 4.11b shows the interface charge density (Qit = QD + QA) as a function of the
substrate injection level for four different conditions of the capture cross sections. We
observe that if σC � σN , then Qit vanishes at high injection, but if σn � σp, then Qit is
strongly negative. The ratio of the capture cross sections is thus essential to determine
the surface charge density in non-equilibrium conditions. At high injection, the sign of
the net charge can actually be found by a straightforward reasoning. For example, if
σC � σN (second cross section model with σpA � σnA and σnD � σpD) is assumed,
the acceptor-like center is mostly empty, hence neutral, since it will tend to capture a
hole (σpA � σnA), and the donor-like center is mostly occupied, hence neutral, since it
will tend to capture an electron (σnD � σpD). Both the acceptor and the donor centers
are mostly neutral and so the net charge Qit = QD +QA is also zero. If we now assume,
for example, σn � σp (first cross section model with σnA � σpA and σnD � σpD), the
acceptor-like center is mostly occupied, hence negative, since it will tend to capture an
electron (σnA � σpA), and the donor-like center is mostly occupied, hence neutral, since
it will tend to capture an electron (σnD � σpD). Since the acceptor and donor traps
are respectively negative and neutral, the net charge Qit = QD +QA is negative.

Let us now assess the impact of surface charges on the surface recombination velocity.
The surface recombination rate via dangling bonds (like the Pb center) has been derived
by Hubin [109] under the assumption of steady-state high injection (trap distribution is
within the quasi-Fermi levels) and has been used successfully by Olibet [148]

Rsurf
DB =

Nsσ
0
n + Psσ

0
p

PS
NS

σ0
p

σ+
n

+ 1 + NS
PS

σ0
n

σ−p

vthNit (4.66)

where Ns = Nb exp(φs/Vth) and Ps = Pb exp(φs/Vth), and where Nb = Pb = ∆Nb =
is the bulk (edge of the space-charge region) excess carrier concentration. The surface
potential (φs) is linked to the surface charge (Qit) by the following relation (App. A.13)

Qit = ±
„
−2εSi

q

“
−VthPb

“
e−φs/Vth − 1

”
− VthNb

“
eφs/Vth − 1

”
+ Cφs

”«1/2

(4.67)

where C is the net active doping concentration and can be neglected under high injection
conditions. Equation 4.67 is drawn in Fig. 4.12a considering Nb = Pb = 1018 /cm3.

As we did previously (Eq. 4.57), we can define an effective surface recombination
velocity

seff = RDB/∆Nb (4.68)

Figure 4.12b shows seff as a function of φs. When the first cross section model is assumed,
i.e. σn � σp (Eq 4.60 and 4.61), the result is identical to the result of Fig 4.7, as it
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should and the SRV is maximum for φs < 0 (negative surface charge). When the second
model is assumed, σC � σN (Eq. 4.62 and 4.63), the SRV has a minimum at φs = 0,
then first increases with |φs| and finally decreases at larger |φs|.

In summary and as a matter of fact, the cross section model is of the utmost im-
portance to predict both the interface charge density and the effective recombination
velocity. We will keep that in mind for the next chapter (Sec. 5.1), where the impact of
surface charges on the signal is studied.
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Figure 4.12: (a) Module of the interface charge density (|Qit|) as a function of the surface potential

(φs) assuming Nb = Pb = 1018 /cm3 and C � Nb. (b) Cartoon of the charge density and of the

band diagram as a funtion of depth in silicon. QSi is the image charge of the concentrated charge

Qit (QSi = −Qit). (c) Effective recombination velocity (seff) as a function of the surface potential

(φs) assuming Nb = Pb = 1018 /cm3. Four cases of the capture cross section are considered and

Nit = 1012 /cm2. The smallest cross section is always 10−16 cm2 and the largest is always 10−14 cm2

(100 times larger). The thermal velocity is 107 cm/s.

4.1.7 Band Gap Narrowing models

Bandgap narrowing (BGN) is induced by several causes, including changes in tempera-
ture, doping and free carrier concentrations.

The bandgap temperature dependence is described by Varshini’s formula [218]. For
a temperature increase of 14 K, which is the maximum obtained in crystalline silicon
at CI’s laser powers (Sec. 5.2), the bandgap variation is only -0.0036 eV which is less
than 0.4% of the silicon bandgap. We will thus neglect this temperature dependence
and consider a lattice temperature Tlat of 300 K.

On the contrary, the doping and carrier concentrations have a non-negligible impact
on the BGN. In a doped semiconductor, dopants first serve as a source of free carriers
resulting in a plasma-induced BGN, and, second, cause an additional BGN contribution
by the carrier dopant interaction. When the semiconductor is under illumination, excess
carriers contribute to an additional BGN.
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The doping concentration dependence can be accounted for by Slotboom’s [194] for-
mula (Fig. 4.13)

Egap(z) = E0
300 − V0

 „“
ln
Na(z) +Nd(z)

N0

”2

+ C0

« 1
2

+ ln
Na(z) +Nd(z)

N0

!
(4.69)

where E0
300 = 1.08 eV is the band gap of pure silicon at 300K and V0 = 6.92× 10−3 eV,

N0 = 1.3× 1017 cm−3 and C0 = 0.5 are parametrization coefficients.
A more accurate BGN model, taking the effect of the excess carrier concentration

into account, has been proposed by Schenk [176]. The model is too long to be written
here but has nevertheless been implemented in our numerical code. The model is based
on first principle calculations of which the numerical solution is fitted by convenient
functions and is in good agreement with a large set of experimental data. The model
is able to compute both the valence (bandgap) and conduction (affinity) band offsets
resulting from the exchange-correlation self-energy of the free carriers and correlation
energy of the carrier-dopant interaction. We will see in Chap. 5 that BGN strongly
influences the solution in terms of excess carriers. This is due to the fact that the BGN
across the junction is of the same order as the junction potential under high injection (less
than 0.2 eV). An important remark about Schenk’s BGN model has to be made. The
model is strictly valid under non-depletion condition, i.e. when the carrier concentration
is equal to or higher than the doping concentration. Under depletion condition, the
model diverges (overestimation of BGN). In his paper, Schenk is conscious of the fact
that this is impractical for numerical simulations of p-n structures, where depletion
regions exist. Even if the carrier injection is high in some regions of the device, there
will be regions where depletion occurs (this is the case for CI a few diffusion lengths
away from the laser spot). Therefore Schenk proposes a modification of its model so
that it remains “valid” under depletion condition. However, even under non-depletion
conditions, this modification causes the BGN to be different from the original model for
doping concentrations in the range 1017 — 2 × 1019 /cm3 (Fig. 4.13). Although the
original model can hardly be used in a general finite element code (where depletion exists
at some position in the structure), it can be used when the substrate is decoupled from
the junction and the solution is only computed under the laser (Chap. 6). Results in
Chap. 5 and 6 will confirm how crucial the BGN modeling is for the accurate description
of highly doped layers on lowly doped substrates under high injection conditions.

4.1.8 Mobility and Diffusivity models

The carrier mobilities (µn and µp) are given by the Caughey-Thomas model [41] (high
field mobility) with the Klaassen’s mobilities [120, 121] (carrier-carrier and carrier-
impurity scattering) as low field mobility (Fig. 4.14). The model is too long to be
written here but has nevertheless been implemented in our numerical code. Note that
Klaassen’s mobilities are tightly linked to previously mentioned Slotboom’s bandgap
narrowing model [122]. However, as already discussed in Sec. 4.1.1, Altermatt [8] has
shown that Schenk’s bandgap narrowing model and revised Klaassen’s mobility model
(µmax is 1520 instead of 1417 cm2/Vs in Ref.[121]) with an effective density of state
ni = 9.65 × 109 /cm3 conciliate a large set of electrical and photoluminescence mea-
surements measured by several authors. At low doping concentration (< 1018 /cm3) the
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Figure 4.13: Slotboom vs. Schenk BGN in silicon as a function of doping concentration, at

zero (equilibrium) and 1018 /cm3 excess carrier concentration. Both the original and the modified

(depletion) Schenk models are indicated.

mobility decreases with the excess carrier concentration. At higher doping concentration
(> 1018 /cm3), the model predicts an increasing mobility with excess carrier concentra-
tion (if larger than 1018 /cm3). The latter could be an artifact since no data at high
injection (> 1018 /cm3) is taken into account in the model [120, 121].
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Figure 4.14: Klaassen’s mobilities (Philips Unified Mobility) in function of acceptor concentration
at different excess carrier levels. Note that at high doping concentrations, the mobility increases with
injection.

The ambipolar diffusivity Da of Eq. 4.24 is given by [212, 138] (Fig. 4.15):

Da(∆N) =
(P +N)DnDp
PDp +NDn

(4.70)

where Dn and Dp are the electron and hole diffusivities. In the high injection regime
(P ' N) we have

Da = 2 k T
µn µp
µn + µp

(4.71)

118



4.1. Plasma

which is independent of the carrier concentration. This justifies the assumption made in
Sec. 4.1.3, where it is assumed that the diffusion coefficient is constant. The diffusion
coefficients Dn and Dp appearing in Eq 4.70, assuming Fermi-Dirac statistics, read
[127, 196] (See derivation in App. A.10 Eq. A.126)

Dn = kTµn F1/2(Efn − Ec)/F−1/2(Efn − Ec) (4.72)

Dp = kTµn F1/2(Ev − Efp)/F−1/2(Ev − Efp) (4.73)

where F1/2 and F−1/2 are 1/2 Fermi integrals. Fermi-Dirac statistics tends to increase
the diffusivity at high excess carrier concentrations (Fig. 4.15). The ambipolar diffusivity
in p-type substrates is higher than in n-type at low and medium injection (∆N ' P,N
or ∆N < P,N) which is obvious from Eq. 4.70 when P � N , since Dn > Dp (Fig.
4.16).
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Figure 4.15: Electron, hole and ambipolar diffusivities from Klaassen’s mobilities in function of

acceptor concentration at different excess carrier level. (a) Boltzmann statistics (Einstein’s relation)

is used to compute the diffusivities. (b) Fermi-Dirac statistics is used.

Using the effective recombination lifetime τ including SRH and Auger recombinations
(Sec. 4.1.5), the diffusion length at low modulation frequency, L =

√
Daτ (Eq. 4.102),

can be calculated (Fig. 4.17). In the injection concentration range 1018 — 1019 /cm3,
which is typical at CI conditions, the diffusion length at low doping concentration (< 1018

/cm3) varies from 50 µm down to 5 µm.
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Figure 4.16: (Color) Ambipolar diffusivity in n-type (a) and p-type (b) substrates as a function

of the doping concentration. Plot (c) is a superposition of plots (a) and (b) and is zoomed around

values corresponding to ≥ 1017 /cm3 injection level.
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Figure 4.17: Diffusion length (L =
√
Daτ) in silicon at various excess carrier concentrations (∆N).

τ0
n = τ0

p = 5 × 10−5 s, Nsrh = Psrh = 5.0 × 1016 /cm3, An = 2.8 × 10−31 cm6/s, Ap = 9.9 × 10−32

cm6/s. Klaassen’s mobilities are assumed in the calculation of the ambipolar diffusion constant (Da).
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4.2 Temperature

In this section we present the heat equation in the frequency domain (Sec. 4.2.1) and its
associated source terms (Sec. 4.2.2). We also mention an analytical solution of the heat
equation when the source term is modeled as a flux boundary condition (Sec. 4.2.3).

4.2.1 The heat equation

The temperature increase of the lattice results from hot-carrier relaxation (carrier energy
in excess of the bandgap when hν > Eg) and from the excess carrier recombinations.
Even at low modulation frequency, unlike the plasma which is in phase with the pump
(ωτ � 1 at 2 kHz modulation frequency), the temperature suffers from a phase lag with
respect to the pump [39] (Sec. 4.3). The time-dependence of the heat equation must
therefore be considered

ρCp
dT

dt
− k∇.∇T = H(r, z, t) in Ω,

k∇T.n = Hsurf(r, z, t) in δΩN (Neumann)

T = Tsink in δΩD (Dirichlet) (4.74)

where ρ (kg/m3), Cp (J/kgK) and k (W/mK) are respectively the mass density, heat
capacity and conduction coefficient of the semiconductor. We will see in the next section
(Sec. 4.2.2) that the heat sources [H (W/cm3) and Hsurf (W/cm2)] are in phase with
the optical excitation, so that the right-hand side of Eq. 4.74 can be rewritten as

H(r, z, t) = H0(r, z) +Hδ(r, z) cos(ωt)/2 (4.75)

where H0 = H− + Hδ/2 is the dc component of the power density due to the probe
and the pump lasers, and Hδ = H' −H− is the difference in power density when both
the pump and the probe are illuminating the sample (H') and when only the probe
is illuminating the sample (H−). Note that since the source term has a dc component
(
R

2π/ω
H(r, z, t)dt 6= 0), a Dirichlet contact is required in order to have a bounded

solution. It is convenient to rewrite the source term as

H(r, z, t) = H0 +H1e
iωt +H−1e

−iωt (4.76)

where

H0 =H0(r, z) (4.77)

H±1 =Hδ(r, z)/4 (4.78)

Assuming a solution of the form

T (r, z, t) = T0 + T1e
iωt + T−1e

−iωt, (4.79)

linear Eq. 4.74 can easily be rewritten in Fourier space (steady-periodic regime). It
reads

−k∇.∇T0 = H0 on Ω (4.80)

k∇T0.n = Hsurf,0 on δΩN (4.81)

T0 = Tsink on δΩD (4.82)
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for the dc component, and

±iωρCpT±1 − k∇.∇T±1 = H±1 on Ω (4.83)

k∇T±1.n = Hsurf,±1 on δΩN (4.84)

T±1 = 0 on δΩD (4.85)

for the fundamental harmonic component. Note that T1 = T ∗−1 = |T1| exp(iφ) is the
complex Fourier component of the fundamental harmonic of the temperature at the
pump modulation frequency ω. The peak-to-peak temperature is then given by Tδ =
T' − T− = 4

p
T1T ∗1 = 4|T1|. The time dependent solution can be reconstructed as

follows

T (r, z, t) = T0 + 2
p
T1T ∗1 cos


ωt+ tan−1

„
−=(T1)

<(T1)

«ff
Note that only the fundamental harmonic component contributes to the photoreflectance
signal. The dc component does not contribute to the signal but it is nevertheless im-
portant to know it, since the lattice temperature can have an impact on the plasma
dynamics through bandgap narrowing and thermal voltage gradients. We will however
see in Chap. 5 that this impact is limited.

4.2.2 Heat generation model

The heat generation term H (Eq. 4.74) is composed of a hot-carrier (Hhc) and a recom-
bination (Hrec) contributions, which read

Hhc(r, z) = Ilas
hν − Egap

hν
e
−( r

Rlas
)2

(1−R) αbbae
R z
0 αbba(Z)dZ (4.86)

Hrec(r, z) = EgapR(N,P ) (4.87)

Hrec
surf(r, z) = EgapRsurf(N,P ) (4.88)

where Ilas (W/cm2) is the laser irradiance, Rlas is the laser radius, hν (eV) is the photon
energy, Egap (eV) is the bandgap energy, R is the sample reflectivity, αbba (/cm) is the
band-to-band absorption coefficient (Sec. 4.1.4). The hot-carrier contribution (Hhc)
originates from the free carrier extra energy (hν − Egap) given to the lattice by the
fast relaxation (few picoseconds) of the electrons (holes) from their initial photo-excited
states to the bottom (top) of the conduction (valence) band (Fig. 4.18). The hot-carrier
thermalization heats up the sample directly under the laser, since the hot carriers do
not have sufficient time to drift-diffuse (thermalization occurs in a few picoseconds).
The recombination contribution (Hrec) results from the energy (Egap) released by an
ehp recombination (Fig. 4.18). The recombination heat is the same independently of
the process involved in the recombination (Auger or SRH). For an Auger recombina-
tion, an ehp recombines by giving its energy (Egap) to another carrier, which will then
thermalize with the lattice in few picoseconds. For an SRH recombination, the ehp re-
combines through a localized state in the bandgap, directly giving its energy (Egap) to
the lattice. The recombination energy heats up the sample under but also far away from
the laser depending on the carrier diffusion length. The temperature distribution there-
fore depends on the carrier dynamics (solution of the drift-diffusion equations), through
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the recombination rate R(N,P ), which is a function of the electron (N) and hole (P )
concentrations. Note that we consider that the free carriers are sitting at the edge of
their band. When the quasi-Fermi levels penetrate into the bands, which is the case
at high doping concentration (> 1019 /cm3) or at very high injection (> 1019 /cm3),
the hot-carrier contribution decreases while the recombination contribution increases.
However, the total released energy remains the same. Furthermore, at high injection,
the carrier diffusion length is of the same order as the beam radius (Sec. 4.1.5) so that
the hot-carrier and the recombination heats are roughly released at the same position in
the sample. The penetration of the Fermi levels into the conduction and valence band
can therefore be safely neglected for the temperature calculation.

4.2.3 Analytical solution

The solution of the heat equation in Fourier space (Eq. 4.83) considering a Gaussian-
shaped surface-flux boundary condition (no source term) and a three-dimensional ax-
isymmetric geometry has been published in Ref.[136]. The solution is obtained using
the Green’s function formalism and Hankel’s transforms [137]. The solution at an arbi-
trary point in the domain then involves the inverse Hankel transform, i.e. the integral
over a semi-infinite domain of a function involving a Bessel function. Such functions are
oscillatory and their numerical integration is best achieved with specific mathematical
routines11. Furthermore, the source term radial and in-depth dependence must assume
particular shapes (Gaussian or decaying exponential) in order to be able to use the Han-
kel transform and Green’s formalism. When the source term distribution has a different
shape, the finite-element method must be used. It is however interesting to have an an-
alytical solution as a comparison with the finite-element solution that will be presented
next chapter (Chap. 5). The dc temperature at an arbitrary point (r,z) in a semi-infinite

domain with flux boundary condition −k dT
dz

= I0 e
−(r/Rlas)2 at the top surface is given

by [136]

T0(r, z) = Ilas(1−R)
hν − Egap

hν
R2
las k

−1

Z ∞
0

e−λ z e−λ
2 R2

las/4 J0(λ r)dλ (4.89)

where the notation has already been described in Sec. 4.2.2, and k (W/mK) is the ther-
mal conductivity and λ (m) is the spatial frequency arising from the Hankel transform of
the lateral coordinate r (m). It is interesting to note that the temperature at any point
is simply inversely proportional to the thermal conductivity k. The temperature at the
surface just under the laser (r = 0, z = 0) is given by (using J0(0) = 1 and Poisson’s

integral
R∞

0
e−λ

2 R2
las/4 dλ =

√
π/Rlas)

T0(r, z) = Ilas(1−R)
hν − Egap

hν
k−1 √πRlas (4.90)

which shows that the temperature is directly proportional to the laser radius Rlas. This
explains why the temperature increase is very low (6 K) when the beam radius is small

11The Mathematica function NIntegrate automatically detects oscillating integrals and accu-
rately solves them. In scilab, the integration by quadrature can be used if the integral

R∞
0 f(λ)dλ

is transformed into
R 1
0 1/t2 f((1− t)/t) dt.

123



4. MATERIAL MODELING

Figure 4.18: Comparison of heat generation processes. Two cases are considered. (a) The quasi-

Fermi levels are in the bandgap. (b) The electron quasi-Fermi level is in the conduction band while

the hole quasi-Fermi level remains in the bandgap. Three processes are described, namely the heat

generation by hot carrier thermalization, and the heat generation by Auger and SRH recombinations.

The heat generation by hot-carrier thermalization results from the ehp generation by a photon and

the direct thermalization (energy goes to lattice) of the electron and hole to the edge of their respective

band. The total heat released is the sum of the electron and hole thermalization contributions and is

equal to or is less than (hν−Egap) depending on the quasi-Fermi level positions. The heat generation

by Auger recombination results from the thermalization (energy goes to lattice) of a secondary ex-

cited electron when the primary ehp recombines. The heat generation by SRH recombination occurs

through a defect state, usually situated at midgap energy. For both Auger and SRH recombinations,

the energy released to the lattice is equal to or is larger than Egap depending on the quasi-Fermi

level positions. The total heat generation in the semiconductor (by hot-carrier, Auger and SRH) per

photon is always equal to hν when there is no electrical contact and when the sample is optically

thick enough with respect to the reciprocal of the absorption coefficient (1/α).

although the beam irradiance is quite high (Fig. 4.19). Furthermore, since all the heat
flux has to enter through the top surface in Eq. 4.89 instead of being spread over the
carrier diffusion length or the reciprocal absorption coefficient (1/α), as it is the case in
real conditions, the temperature increase at (r = 0, z = 0) is overestimated.
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Figure 4.19: Temperature (K) profile as a function of the radial (r) and vertical (z) coordinates.

A maximum temperature increase of 6.3 K is obtained at r=0, z=0. The parameter values in equation

4.89 correspond to silicon and the typical laser irradiance used in CI: Rlas = 1µm, k = 1.5 W/cmK,

I0 = 1.6× 106 W/cm2, hν = 1.49 eV, Egap = 1.12 eV, R = 0.3.
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4.3 General solution of the Helmholtz equation

The time-dependent ambipolar diffusion equation (Eq. 4.24) and the homogeneous time-
dependent heat diffusion equation (Eq. 4.74) are both of the type (here written in one
dimension and neglecting the source term),

1

D

du

dt
− d2u

dz2
+

u

Dτ
= 0 (4.91)

where u = ∆N for the ambipolar equation and u = T for the heat equation. D is either
the carrier or the heat diffusivity and τ is the carrier lifetime for the ambipolar equation
and τ →∞ for the heat equation12

Seeking a solution of the type

u(z, t) = <
“
ũ(z) e−iωt

”
(4.92)

the equation can be rewritten as

−d
2ũ(z)

dz2
+ ũ(z)

„
1

Dτ
− i ω

D

«
= 0 (4.93)

which is a complex Helmholtz equation, of which the general solution ũ(z), in a semi-
infinite medium (z > 0), reads

ũ(z) = c̃ e−K̃z (4.94)

where

K̃ =
p

1/(Dτ)− iω/D (4.95)

is the complex vector K̃, from which one can define a diffusion length Ld = 1/<(K̃) and
a wave length λp = 2π/=(K̃). Two limit cases can be considered

ωτ � 1,→ K̃ =
p
−iω/D = (1− i)/

p
(2)×

p
ω/D High frequency (4.96)

ωτ � 1,→ K̃ =
p

1/Dτ Quasi static (4.97)

When ωτ � 1, the solution is a diffusion wave [137]

ũ(z) = c̃ e−
√
ω/(2D) z ei

√
ω/(2D) z (4.98)

i.e. ũ(z) is a complex number, which means that, at a given position z0 in the sample, the
excess carrier concentration suffers from a phase lag φ = =(K)z0 + arg(c̃) with respect
to the pump [arg(c̃) is a constant which depends on the applied boundary conditions
and source term]. The high frequency solution (ωτ � 1) is thus governed by

p
ω/(2D),

12However, a finite τ corresponds to a first order black-body radiation, but it can be neglected
when working with small excess temperatures.
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and is completely independent of the carrier lifetime. One can define the plasma wave
length (λp) and the diffusion length (Ld) as

λp =2π
p

2D/ω (4.99)

Ld =λ/2π =
p

2D/ω (4.100)

Note that the temperature is always a diffusion wave since τ →∞.
When ωτ � 1, the solution is purely diffusive

ũ(z) = c e−
√

1/(Dτ) z (4.101)

i.e. ũ(z) is a real number, which means that the response is in phase with the excita-
tion everywhere in the sample. The solution is governed by

p
1/Dτ and is thus both

dependent of carrier diffusivity and lifetime. One can also define a diffusion length (Ld)
as

Ld =
√
Dτ (4.102)

Typical plasma diffusion and wave lengths for silicon at three modulation frequen-
cies and at three recombination lifetimes are shown in Tab. 4.3. Even in silicon, the
condition ωτ � 1 is practically very difficult to obtain, since typical τ are in the range
10−6 to 10−11 s (depending on doping concentration and injection level) corresponding
to modulation frequencies much larger than 1 MHz to 100 GHz. If such high modula-
tion frequency could be achieved, one could in principle extract the diffusivity and the
recombination lifetime of a substrate independently by first making a high frequency
measurement (determination of D), followed by a low frequency measurement (determi-
nation of τ with a known D). The RsL technique (Sec. 1.2.6) actually takes advantage
of this property of the Helmholtz equation in order to independently extract the sheet
resistance and the leakage current through a p-n junction. Further, Salnick has shown
that it was possible to extract lifetime and diffusivity profiles by scanning the modula-
tion frequency over a range 10 — 106 Hz [171]. Note that even at the Therma-Probe
frequency (1 MHz), the condition ωτ � 1 is not met, and both the diffusive and recom-
bination effects have to be considered. In the highly doped layer of a USJ, the lifetimes
are very low, and the quasi static approximation is valid both for CI and TP. In the
lowly doped substrate, however, the quasi static approximation is valid for CI but not
for TP for which ωτ is of order 1.

The temperature diffusion and wave lengths for silicon at three modulation frequen-
cies are also shown in Tab. 4.3. Unlike the plasma, the temperature does not have a
recombination lifetime, so that a phase lag [φ = 2πz0/λp + arg(c̃)] can more easily show
up even at low modulation frequency (2 kHz).
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2× 103 Hz 2× 106 Hz 2× 109 Hz
Ld (µm) λp (µm) Ld (µm) λp (µm) Ld (µm) λp (µm)

Plasma
τ = 10−5 s 77.3 7.76× 103 9.73 61.6 0.31 1.94

τ = 10−7 s 7.75 7.75× 104 6.79 88.4 0.31 1.94

τ = 10−10 s 0.25 2.45× 106 0.25 2.45× 103 0.21 2.80
Temp. 84.6 531.7 2.67 16.8 0.085 0.53

Table 4.3: Plasma and temperature characteristic lengths (Ld = 1/<(K̃), λp = 2π/=(K̃)) in

silicon at three modulation frequencies (2 × 103, 2 × 106 and 2 × 109 Hz). The plasma diffusivity D
= 6 cm2/s and the thermal diffusivity Dth = 0.45 cm2/s. For the plasma, three recombination times
τ are considered.
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4.4 Finite element formulation

Analytical solutions of the DDE (Eqs. 4.1 to 4.3) for a p-n junction under optical
illumination has been developed by a few authors [129, 133, 220], but none of these is
suitable for variations in potential larger than the thermal voltage (Vth = kBT/q). At
the high irradiance used in CI, as will be seen in the next chapter, the variation in the
potential is of the same order as the equilibrium built-in potential (0.7 V), so that the
numerical resolution of the DDE is required to solve the full problem. Furthermore, the
high injection rate in the substrate implies a nonlinear recombination process (Auger),
which makes the problem even more complicated to solve analytically.

Proprietary simulation software are a priori able to solve the problem. However, the
software that are available at IMEC, i.e. Medici, Dessis, and more recently Sentaurus,
suffer from a few limitations which render them useless to solve our problem. Those
limitations are

� The heat generated by a laser beam is not properly taken into account. The
problem is similar in Medici, Dessis and Sentaurus (and was not yet solved in
October 2007), and causes a decrease in temperature of the sample. The bug is
that, although ehp creation by the laser beam is taken into account, the energy
to do so is taken from the lattice instead of being taken from the incident photon,
resulting in a decrease of the lattice temperature.

� The excess carrier profile obtained with Medici has an unexplicable behavior in
the substrate (See Fig. 5.44). The origin of the problem has not been clearly
identified.

� When cylindrical coordinates are used in Medici, Gaussian-shaped laser beams
induces a wrong generation rate due the omission of the Jacobian (rdr) in the
finite-volume integrals. Cylindrically-shaped beams are however correctly imple-
mented.

� Schenk’s bandgap narrowing model (Sec. 4.1.7) is not implemented neither in
Medici nor in Dessis although it is essential to describe semiconductor under high
injection. It has however been implemented in Sentaurus in the first semester of
2007.

� There is no frequency-domain implementation of the heat equation and of the
ambipolar equations.

� There is a limitation in the number of mesh points (Medici) and in the license
availability both for solving and visualization.

� The documentation is never as exhaustive as the code itself.

Last but not least, implementing its own finite element code is a fantastic learning
adventure which greatly helps understand the effect of each model’s aspects. For all
these reasons we have decided to implement our own software. The implementation
started in the year 2003, and was initially a series of FreeFEM [104] scripts rather than
a software package. The project progressively grew up, got a name, finite elements
for semiconductors (FSEM), and was released under the General Public Licence (GPL)
in July 2006 [69]. Since then, the development has continued in collaboration with J.
Bogdanowicz, who joined the project in the framework of his PhD thesis on the Therma-
Probe metrology apparatus.
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4. MATERIAL MODELING

4.4.1 The Gummel map for the DD equations in Slotboom’s
variables

The drift-diffusion equations (DDE) can be solved in a multitude of ways, consider-
ing various sets of unknowns[14, 79, 143] and mixed (vectorial and scalar unknowns)
formulations[35, 105]. For instance, substituting Eqs 4.7 to 4.9 in Eqs. 4.1-4.3, a system
of three equations in three scalar unknowns, φ, φn, φp, is obtained. Alternatively, one
can express the quasi-Fermi levels in terms of electron and hole concentrations (Eqs.
4.12 and 4.13) and solve for the three scalar unkowns φ, N and P . Another possibility
is to solve for the potential φ and the exponential of the quasi-Fermi levels, the so called
Slotboom’s variables, ρn = e−φn and ρp = eφp .

Most proprietary software use formulations in terms of potential φ and the quasi
fermi levels φn and φp. The disavantage of this formulation is that the current equations
are strongly nonlinear due to the exponential terms e−φn and eφp arising from N and
P in Eqs. 4.8 and 4.9. We believe that the convergence problems we encounter with
the proprietary software when working at high injection (need to ramp the laser power
by very small steps) originates from this nonlinearity added to the nonlinearity of the
recombination terms (SRH and Auger).

The solution in terms of the potential φ, and electron (N) and hole (P ) concentra-
tions has the disavantage to make an explicit convection (or drift) term to appear in the
current equations. On the other hand the potential equation (Eq. 4.1) becomes linear.
Negative carrier concentrations can be obtained with this formulation in case of bad
discretization.

The alternative of using Slotboom variables ρn and ρp is interesting since the carrier
continuity equations remain purely diffusive (no drift term) and are linear in abscence
of nonlinear recombination terms. However Slotboom’s variable values span orders of
magnitude since they are defined as the exponential of the quasi-Fermi levels. This can be
a problem for simulating structures where large potential, affinity or bandgap variations
occur. This is however not a problem for simulating high optical injection problems since
the potential is strongly reduced as compared to the equilibium potential (0.7 V down
to 0.15 V typically). Furthermore, we do not work with heterojunctions of material
with different bandgaps (like germanium on silicon for example) or affinities. Negative
carrier concentrations can also be obtained (bad discretization or oversized domain as
compared to the active area).

In our implementation of FSEM we have chosen the Slotboom’s variable formulation.
Our implementation is detailed in App. A.10 and takes Fermi-Dirac statistics into
account as well as all quasi-electric fields induced effect (this is automatically included
in this formulation). The affinity and bandgap can also be a nonlinear expression of
the carrier concentrations, which is essential to study semiconductor at high injection
(BGN).

One of the advantages of using Soltboom’s variables is that the DDE reduce to
Poisson or Helmoltz equations (no drift term) with a possibly non-linear source term
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and a linear stiffness coefficient (the coefficient in between the ∇ symbols)

−∇.ε∇φ =q(fpe
φ/Vth − fne−φ/Vth + C) (4.103)

−∇.cn∇ρn + anρn =f (4.104)

−∇.cp∇ρp + apρp =f (4.105)

where Eq. 6.11 is a non-linear Poisson equation and is solved by Newton’s method for
the potential φ. Equations 4.104 and 4.105 are linear Helmoltz equations13 and are
solved for ρn and ρp respectively. The three equations are successively solved in loop
until convergence is reached. The coefficients fn, fp, cn, cp, an, ap and f depend on ρn,
ρp and φ and are updated at each iteration to their most recent value. This method is
due to Gummel (Fig 4.20). The details of the implementation (expression of coefficient,
scaling and boundary conditions) are given in App. A.10.

The resolution of Eqs. 6.11 to 4.105 is achieved by the finite element method (FEM)
in a domain meshed with piecewise linear continuous anisotropic triangular elements.
The details of the derivation of the weak formulation are given in App. A.11.

Figure 4.20: The Gummel map

4.4.2 Resolution flow chart

The calculation of the carrier concentrations and of the temperature as a function of the
pump power is as follows (Fig. 4.21). The domain dimensions are calculated based on
the quasi-static carrier diffusion length (L =

√
Dτ) and reciprocal absorption coefficient

13Note that Eqs. 4.104 and 4.105 actually result from the linearization of the expressions of
the Auger and SRH recombination mechanisms. This linearization is not mandatory. If the
equations are not linearized, they must be solved by Newton’s method. This alternative method
is also implemented in FSEM. It decreases the number of Gummel iterations but each iteration
is more expensive due to the Newton’s iterations. Both methods are roughly equivalent in terms
of global speed and lead to the same solution.
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(1/α) in the substrate (Fig. 4.21b). The domain should be large enough to avoid side
wall effects and should be as small as possible to save computation time (mesh points).
Typical domain sizes are given in Sec. 5.2 as a function of the doping concentration. The
mesh is first refined on the doping concentration. The steady-state DDE are then solved
assuming that only the probe is illuminating the sample (P−) and the mesh is refined
based on the generation and solution profiles (Fig. 4.21c). The electron and hole depth
profiles are extracted at r=0 [N−(r = 0, z) and P−(r = 0, z)] since they will be needed
to compute the photoreflectance signal. The recombination rate [R−(r, z)] is extracted
at all positions since it is needed to compute the heat generation. Then, the pump is set
on at power P∼ = ipow ×∆P (Fig. 4.21d), and the steady-state DDE are solved again
(Fig. 4.21e). It is here assumed that the modulation frequency is small enough so that
the quasi-static regime prevails (ωτ � 1). The electron and hole depth profiles are again

extracted at r=0 [N
ipow
' (r = 0, z) and P

ipow
' (r = 0, z)] and the recombination profile

is extracted at all positions [R
ipow
' (r, z)]. The next step is the temperature calculation

(Fig. 4.21f). The domain dimension is not necessarily the same as for the carrier since
the carrier and the heat diffusion lengths are not equal in general (Fig. 4.21f1). The
heat equation (HE) is solved in the frequency domain for both the dc (T0) and the
funtamental harmonic (T1) temperatures (Fig. 4.21f2). Practically, only T1 is needed
for the signal calculation. It is however interesting to calculate T0 in order to ensure that
the temperature increase remains limited in the sample and does not affect the carrier
transport. Note that the heat sources H0 and H1 depend on the carrier recombination
rates R− and Rδ = R'−R−, which we had previously computed and extracted. At this
point, the differential electron (Nδ = N'−N−) and hole (Pδ = P'−P−) concentrations,
and the differential temperature Tδ = 4|T1|, are known and can be used to compute the
differential reflectance signal ∆R/R (Eq. 3.108).

132



4.4. Finite element formulation

Figure 4.21: Flow chart of the carrier concentrations and temperature calculation, as explained

in the text.

133



4. MATERIAL MODELING

134



Chapter 5

Experiment vs. Theory

In this chapter, the theory developed in the preceding chapters is confronted with exper-
iments. In Sec. 5.1, we first discuss surface charging induced by illumination. Surface
charging is an a priori undesirable phenomenon but considerably influences the signal
behavior. It must imperatively be taken into account in order to interpret PMOR data
correctly, hence the presence of this preliminary section at this stage of the discussion.
Sections 5.2 and 5.3 focus on uniformly and non uniformly doped samples respectively.
In each of these two sections, the behavior of the experimental data is presented and
explained with the support of numerical simulations. Also, the impact of the surface
charging, affecting the surface recombinations, is the object of particular attention. The
impact of plasma-induced bandgap narrowing, recombination lifetimes, and mobilities
is finally assessed.
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5. EXPERIMENT VS. THEORY

5.1 Surface charging

The surface charging during illumination manifests itself as a change in the differential
reflectance with illumination time (keeping the power of the lasers constant). The phe-
nomenon was first reported by Opsal[154] and is also observed with CI (Fig 5.1)[70]. In
most cases, the temporal behavior leads to an increase in the CI signal (SCI ∝ −∆R/R)
during illumination (Fig. 5.1a), indicating an increasing differential excess carrier con-
centration (Nδ) at the surface (SCI ∝ −∆R/R = +|β|Nδ). When the illumination is
turned off, the signal slowly (characteristic time is a few weeks) recovers its initial value.
When the sample is covered with a 10 nm thick oxide, the CI signal also increases but
at a rate 50 times smaller than for a sample with a native oxide (Fig. 5.1b). The effect
of the temporal behavior is also visible on power curves of samples covered with a native
oxide (Fig. 5.1c). Indeed, when a power curve is acquired several times on the same site
of the sample, the curve globally moves up and slightly changes its shape. After a few
acquisitions (typically 6), the curves reach a steady position. When the sample is etched
with hydrofluoric acid (HF) for 5 minutes, the initial curve lies higher with respect to the
non etched sample, and the temporal behavior is less significant (Fig. 5.1c)1 It is also
observed that the charging phenomenon affects the sample over a region of about 1 mm
radius around the measurement spot (Fig. 5.2), thus two to three orders of magnitudes
larger than the beam radius (' 2 µm).

−3 −1 1 3 5
10 10 10 10 10

0

0.3

0.6

0.9

1.2

0 100 200 300 400 500 600 700
−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 10 20 30 40 50 60
−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Figure 5.1: Temporal behavior of the differential reflectance during illumination. (a) Native oxide.

The signal significantly increases with illumination time [O(10−4)]. When the pump is turned off,

the signal slowly decreases towards its initial value. (b) 10 nm RTO oxide, for which the charging is

negligible [O(10−6)]. (c) Temporal behavior on power curves. The power curve measured on a sample

with a native oxide (sample age is about 2 years) evolves with successive measurements. At the sixth

measurement, the power curve reaches a steady position. After an HF etch of 5 minutes, the initial

power curve amplitude is significantly higher than that of the non etched sample and does not evolve

significantly after successive measurements.

1The explanation of all those behaviors will be given in the following.
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Figure 5.2: CI signal as a function of the lateral distance from the initial illumination spot. In

this experiment the sample is first illuminated during 3000 s so as to reach saturation (signal does

not increase anymore during illumination). Then, the signal is measured as a function of the distance

from the initial site (probe power is 57.6 mW, pump power is 32.2 mW). (a) The charging affects

the sample up to 1 mm away from the beam spot. (b) On another sample, a similar behavior is

observed. The measurement is done at three different times in order to ensure that the observed

spatial dependence does not originate from the charge relaxations.

The signal temporal behavior originates from charge injection from the semiconductor
to (or across) the thin surface oxide, the mechanism of which has been described by
several authors [21, 224, 100]. Bloch et al. [21] explain the mechanism as an electron
injection via ambient oxygen (O−2 ions are adsorbed at the SiO2/ambient interface) and is
thus dependent on oxygen and water concentration in the ambient (Fig 5.3). According
to these authors, electron injection occurs through a three photon absorption process2,
considering a photon energy hν = 1.55 eV and an average light irradiance in the range
0.5×103 — 4×103 W/cm2. The charging becomes less effective when the oxide thickness
increases, so that with an oxide thicker than 10 nm, the charge injection is virtually zero,
which is consistent with what is observed in Fig. 5.1b. Wang et al. [224] have studied
the electron and hole dynamics at the Si/SiO2 interface for λ = 710—910 nm with an
average irradiance of 3.8 × 105 W/cm2 (1 GW/cm2 pulse intensity). They show that
hole injection becomes prominent at photon energies larger than 1.52 eV, at which the
four photon absorption process3 becomes effective. Cheng et al. [44] have studied the
variation in surface recombination velocity (SRV) using UV light. Depending on the
kind of oxide, the SRV can either increase or decrease, or decrease and then increase
during illumination. In particular, the effective lifetime of silicon wafers (n- or p-type)

2Three photons are needed to overcome the conduction band offset at the Si/SiO2 interface
3Four photons are needed to overcome the valence band offset at the Si/SiO2 interface

137



5. EXPERIMENT VS. THEORY

with native oxides shows decreasing SRV (or increasing effective lifetimes) with UV
irradiation time. The mechanism is explained as the UV ionization of oxygen molecules
(into O−2 ions) adsorbed at the SiO2 surface, which bends the energy bands in silicon
and subsequently decreases the surface recombination velocity.

Figure 5.3: Band diagram of the Si/SiO2 structure. Charge injection from the semiconductor

across a thin oxide by a three (e−) or four (h+) photon process.

The link between the charging and the differential reflectance is however still uncer-
tain. Opsal [154] proposed two possible mechanisms.

In Opsal’s first mechanism, the high carrier concentration at the Si/SiO2 interface,
due to the band bending by the oxide charges, causes the extinction coefficient (imagi-
nary part of the refractive index) to increase at the surface, subsequently affecting the
surface reflectance. However, the carrier concentration variation occurs over a Debye
length (λd =

p
εkT/Nq2 ' 1.2 nm at 1018 /cm3 carrier concentration), which is much

smaller than the probe wavelength in silicon (λ/n = 280 nm) (Fig 5.4). Because of the
flatness at small depth (z � λ/2n) of the cosine in the expression of the differential
reflectance (Eq. 3.108), the signal is insensitive to variations of the refractive index close
to the surface4, so that the first mechanism proposed by Opsal cannot explain the large
variations observed in the signal, at least at the considered injection level and probe
wavelength.

The second mechanism proposed by Opsal involves the degradation of the carrier
diffusion coefficient at the surface by the surface charges, which subsequently affects the
excess carrier concentration under the laser. This explanation is consistent with the
observed signal increase (a lower diffusivity involves a higher surface excess carrier con-
centration) as the surface is illuminated and consequently charged. However this model
predicts a '1 % excess carrier increase only, if one assumes a mobility degradation by a
factor 4 with respect to the bulk diffusivity (which is the typical mobility degradation
predicted by Caughey-Thomas’ model [41]) over a thickness of 5 nm (Eq. 4 in Ref [154]).
Furthermore, the model is strictly valid in the high frequency regime (> 1 MHz) where
diffusive effects overcome recombination effects (Eq. 4.99 and 4.100). This small varia-
tion due the diffusivity degradation can therefore not explain the large signal variation
we observe in CI, which operates in the quasi-static regime (2 kHz).

We therefore propose a third mechanism, based on the variation in the surface re-
combination velocity (SRV) due to charge injection across the Si/SiO2 interface. The
variation in the SRV with respect to surface potential is a well known phenomenon

4In other words, the interface signal is exactly compensated by the surface signal
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Figure 5.4: Temporal behavior: first mechanism proposed by Opsal [154]. (a) A high surface

charge density (−3 × 1013 cm−2) causes the hole concentration to increase at the surface of the

substrate (p-doped 2× 1019 cm−3). (b) The signal, which results from the interference of the surface

and interface components, is essentially independent of the surface charge density, due to the very

short Debye length (' 1 nm) as compared to the probe laser wavelength (' 280 nm).

which has already been used by Shockley [188] in 1964 in order to extract bulk lifetimes
and SRVs independently by making use of corona charges. The surface recombination
rate varies because the balance in electron and hole concentrations is modified (both
an electron and a hole are needed in a recombination process). Consequently, since
the oxide is continuously charged during illumination, the SRV continuously varies with
a subsequent variation in the bulk (edge of the space charge region induced by surface
charges) carrier concentration. The explanation is further supported by the fact that the
charging effect is known to vanish in the high frequency limit (≥ 10 MHz)[154], where
recombinations (bulk or surface) do less influence the carrier dynamics (Eqs. 4.99 and
4.100). Since the experimental charging curves usually show an increase in CI signal, it
is concluded that the bulk carrier concentration must increase which corresponds to a
decrease in SRV during illumination (SCI ∝ −∆R/R = +|β|Nδ).

Let us now investigate how the SRV is influenced by the nature of the surface (elec-
tron and hole capture cross sections). In section 4.1.6.2, we have developed the theory
of the interfacial charge density (Qit) and of the effective surface recombination velocity
(seff) at high injection, resulting from Pb centers at the Si/SiO2 interface. The main
results are shown again in Fig. 5.5. Depending on the assumed capture cross section
model, Qit (Fig. 5.5a) and seff (Fig. 5.5c) have very different behaviors. For oxidized
surfaces, σn/σp � 1 is often assumed [99, 180]. This first implies that Qit is negative
at high injection (dashed line in Fig. 5.5a) and that the surface potential at which seff

is maximum (φSmax
s ) is negative (φSmax

s ' −0.06 V) (dashed line in Fig. 5.5c). If the
charge density is negative enough (φs = −0.06 V corresponds to Qit = −2× 1012 /cm3,
Fig. 5.5b) the injection of electrons (φs becomes more negative) during illumination (by
the multi-photon process previously described) leads to a decrease in seff (black arrow
on the left of Fig. 5.5c), thus in agreement with the observed increase in CI signal. If we
now assume σC/σN � 1, which seems physically more acceptable [99, 158], the interface
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charge density vanishes at high injection (plain line in Fig. 5.5a) and the behavior of
seff is symmetrical with respect to φs = 0 (plain line in Fig. 5.5c). If φs = 0 initially,
the injection of electrons during illumination (by the multi-photon process) leads to an
increase in seff, which is in disagreement with the observed increase in CI signal. If we
assume that the native oxide contains positives charges (Qox > 0), φs is positive initially
and the injection of electron leads to a decrease in seff, which is in agreement with the
observations.
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Figure 5.5: (a) Interface charge density (Qit = QD +QA, Eq. 4.64 and 4.65) as a function of the

bulk injection level (Nb) for two models of the capture cross sections (σn � σp and σC � σN ). (b)

Module of the interface charge density (|Qit|) as a function of the surface potential (φs) (Eq. 4.67).

(c) Effective surface recombination velocity (seff) as a function of the surface potential (Eq. 4.68).

In order to differentiate between the two cross section models (σn/σp � 1 and
σC/σN � 1), the charging curves shown in Fig. 5.6 are very instructive. At low
pump power (< 60 mW), the signal always increases with illumination time, while at
larger power, the signal first increases and then decreases, i.e. the CI signal passes by
a maximum (Fig. 5.6). The existence of a maximum of the signal implies passing by a
minimum of the SRV. According to Fig. 5.5c, this is only possible if σC/σN � 1, for
which a minimum in the SRV exists at φs = 0. In summary, if the surface is initially
positively charged (due to Qit > 0 and/or Qox > 0, resulting in φs > 0) and if electrons
are injected during illumination, the SRV will first decrease and then increase (Fig.
5.5c). The existence of the maximum of the signal at high pump powers only stems from
the fact that the injection of an additional electron becomes more and more difficult as
the illumination proceeds due to the increasing band bending. It is thus reasonable to
expect that higher illumination powers make the carriers hotter, hence facilitating their
injection through the oxide. Another possible explanation of the observed maximum is
that new recombination traps are created at the Si/SiO2 interface at high illumination
power, resulting in an increase in the SRV with a subsequent decrease in signal.

Since the real values of the electron and hole capture cross sections (σnA, σnD,
σpA, σpD) and of the trap density (Nit) at the Si/Si02 interface are not known, and
since the charge injection rate during illumination is not known, it is complicated, if
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Figure 5.6: Temporal behavior (charging) at high illumination powers. Measurement acquired on

the BX10 tool installed at Applied Materials (Santa Clara, CA). At low illumination power (< 60

mW) the signal increases monotonically with time. At high illumination power (> 60 mW), the signal

first increases and then decreases.

not impossible, to estimate the variation in seff with illumination time. Nevertheless,
the experimental data is in good qualitative agreement with our model, although it is
not possible to determine which of the two capture cross section models (σC � σN or
σn � σp) is the correct one.

In the next section (Sec. 5.1.1) we show that the temporal behavior of the CI
signal can be fitted with a capacitor-like model as proposed by Cernusca and Heer
[42] assuming a continuous distribution in the ionization rate [229]. This model does
not explain the microscopic process occurring during charging (electron or hole injection
cannot be distinguished) but it provides insight on the time scale over which the charging
and the discharging take place. A thorough discussion on the impact of SRV variation
on uniformly and non uniformly doped samples is developed in Sec. 5.2 and 5.3.

5.1.1 The capacitor model

The shape of a charging/discharging curve (Fig. 5.1a) suggests a capacitive-like behavior.
Assuming that the traps have a discrete capture cross section, it can simply be modeled
by the following ordinary differential equation [42]

dc(t)

dt
= W (C − c(t))− c(t)

τ
(5.1)

where c(t) (/cm2) is the surface charge density at time t (s), C (/cm2) is the total
surface trap density available for charging, W (/s) is the ionization rate when the laser
is illuminating and τ (s) is the detrapping characteristic time. The first term on the
right hand side thus accounts for trapping due to illumination, while the second term
accounts for detrapping. The solution of this ordinary differential equation reads

c(t) =
W C

W + 1/τ1
+

„
c(t0)− W C

W + 1/τ1

«
e−(W+1/τ1)t (5.2)
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if we consider that no charge is present at time t0 [c(t0) = 0] the expression becomes

c(t) =
W C

W + 1/τ1

“
1− e−(W+1/τ1)t

”
(5.3)

In the pumping phase, we can assume that charge trapping is much more efficient than
charge detrapping (Wτ � 1) and the equation reads

c(t) = C
“

1− e−Wt
”

(5.4)

When the pump is set off (W = 0), the charges can only relax and we have

c(t) = c(tend) e−(W+1/τ1)t (5.5)

where c(t = tend) is the charge density at end of pumping.
Zafar introduced a more complex model, in which it is assumed that the traps have

a continuous distribution in cross section [229]

c(t) = c0 + C(t)
“

1− e−(Wit)
β
”

(5.6)

C(t) = C0 + Cs(1− e−Wgt)

where c(t) is the charge density at time t, c0 is the initial charge density, C(t) is the trap
density at time t, Wi is the mean ionization rate and β accounts for the spreading of the
ionization rate in function of the trap energy. It is assumed that the ionization rate is
much larger than the charge detrapping rate (Wiτi � 1). C0 is the initial trap density,
Cs is the site density available for new trap creation and Wg is the trap generation rate.
It is actually not necessary to include the new trap creation mechanism in order to fit the
data (Fig. 5.7), so that practically we can assume C(t) = C0. As for the β coefficient, it
is needed in order to obtain a good data fit. Both the pumping (stress) and relaxation
(decay) phases are well described by the model (Fig. 5.7). A steady state is typically
reached after 300 to 1000 seconds of illumination depending on the used pump power.

5.1.2 Removal of the charging contribution

Due to the multi-photon nature of the carrier excitation process across the Si/SiO2 bar-
rier [100], the charging is nonlinear with respect to the laser intensity. As a consequence,
the charging that occurs during a power curve acquisition is very complex to describe in
terms of sample properties (oxide material, doping profile) and illumination conditions.
Therefore we propose an experimental method to evaluate and a posteriori remove the
contribution of the charging effect. We proceed as follows. A power curve is acquired on
a fresh site (not previously illuminated). We remind that each point of a power curve is
obtained by acquiring the signal for a constant time ∆T at successive increasing powers
Pi. This is illustrated in Fig. 5.8, where the charging contribution of the power curve at
each power Pi (right of Fig. 5.8) is readily obtained from the charging curve acquired at
the same power Pi (left of Fig. 5.8). Note that each charging curve (corresponding to
Pi) must be acquired at slightly different site locations on the wafer (about 100 — 1000
µm distance between two sites) in order to probe a fresh (not previously charged) site.
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Figure 5.7: Typical charging curve on a silicon surface covered with a native oxide. In this

experiment, the surface is first pumped (or stressed) during 900 s (pump power 19 mW). Then, both

the probe and pump lasers are stopped and a measurement is made at some selected times (from few

minutes up to six days) in order to monitor the signal decay (oxide charge relaxation).

In practice, a charging curve is quite noisy, and is thus best fitted with a convenient func-
tion (Eq. 5.6) as shown in Fig. 5.9a. Ideally, a charging curve should be measured for all
the power values (Pi) present in the power curve. This is however too time-consuming
and we practically restrict ourself to a few different powers5 (six powers on Fig. 5.9a)
that span the power range of a power curve. The charging curves at intermediate pump
powers are then interpolated using a conventional spline fitting.

Figure 5.8: Illustration of the removal of the charging effect, as explained in the text.

We observe that the charging effect accounts for about 10% of the raw signal for the

5Interestingly, the charging efficiency increases with the pump power up to ' 30 mW and
remains constant at higher powers (Fig. 5.9a).
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sample considered in Fig. 5.9. Samples with different underlying profiles, and a priori
different surface properties, can show very different charging behaviors6. Hence, a charge
contribution calibration is needed for each sample separately. This procedure takes about
two minutes but is very impractical since a new site has to be used to generate each
charging curve (Fig. 5.9a). Due to the lateral spreading of the charging (Fig. 5.2), the
sites should be 1 mm apart or more which means that the surface properties will differ
from those of the site where the power curve is measured. We conclude that removing
the charging contribution a posteriori is only possible if the sample surface properties are
very uniform on the wafer. Practically, it would be better to grow a 10 nm oxide on each
sample, since such surfaces have a low SRV and a negligible charging effect (Fig. 5.1). If
the charging originates from electron injection and the subsequent ionization of oxygen
molecules (O−2 ) [21], the charging effect could in principle be reduced by performing the
measurement in dry atmosphere or under a nitrogen flow. Another possibility would
be to use a high pump modulation frequency (≥ 10 MHz), where the charging effect
vanishes [154]. A last possibility is to move the laser beam continuously while the power
curve acquisition proceeds such as to always probe a fresh site.

Figure 5.9: (a) Differential reflectance as a function of time or illumination energy (sample CVD1

2.10, see Tab. A.8). Each curve (and associated symbols) corresponds to a different pump power.

Each symbol corresponds to one measurement and lasts 0.7 second. During the measurement, the

probe power is constant at 57 mW. The dashed line represents the charging contribution to a regular

power curve when the probe power is fixed and the pump power is swept from 0 to 57.6 mW in 22

steps. (b) Raw and corrected power curves. Here again, each symbol corresponds to one measurement

and lasts 0.7 second. The charging contribution accounts for about 10% of the raw signal.

6Typical charging contribution is < 10%. For some samples, this is even less than 1%

144



5.2. Uniform doping

5.2 Uniform doping

Although the characterization of uniformly doped substrates is not the objective of
this thesis, it is nevertheless very important to understand the carrier and temperature
dynamics of substrates. This will mainly involve the theory about the material modeling
developed in Chap. 4. In section 5.2.1, we present experimental data of uniformly doped
n- and p-type silicon wafers with a doping concentration in the range 1×1015 - 5×1019 /
cm3 (Tab. A.16). In section 5.2.2, we provide general information about the simulations
with a particular emphasis on the domain dimensions and characteristic lengths of the
physical variables involved. We also compare the finite element solutions obtained with
FSEM and MEDICI as a check of our finite element implementation. In the last section (Sec.
5.2.4), the experimental data are explained by the simulations as a competition between
the carrier and the temperature signal components. More specifically, the impact on
the solution of various models and model parameters, namely the bandgap narrowing,
mobilities, bulk and surface recombination lifetimes and pump frequency, is assessed.

5.2.1 Experimental data

We first consider the behavior of the CI signal at a particular power (power curves will
be considered later) on uniformly doped silicon substrates as a function of the doping
concentration (Fig. 5.10). An important remark concerning the scale of the signal values
has to be made in order to avoid confusion in the following discussions. All the CI tools
built by Boxer Cross, and later by Applied Materials return a signal which is the ratio
of the ac reflectance signal (RawR1 given in µV) and the dc reflectance signal (DC given
in V), i.e. RawR1/DC (µV/V). More details on the procedure are given in App. A.1. All
CI apparatus are calibrated such as to return the same RawR1/DC for selected calibration
samples. This signal is proportional to the opposite (sign convention, see Chap. 2) of
the differential reflectance (RawR1/DC ∝ −∆R/R) but the exact proportionality factor
is unknown. In order to compare the experimental data with the simulated ∆R/R, it is
highly desirable to have an estimation of this proportionality factor. In Sec. 3.1, we have
expressed the differential reflectance in function of the signals returned by the lock-in
amplifier (Eq. 3.11), accounting for known amplification gains Gac

a and Gdc
a ,

∆R

R
=

2R1

Rdc
=

2I1
Idc

=
Gdc
a

Gac
a

2
√

2 S1

Sdc
(5.7)

In the BX10 apparatus, the ac gain Gac
a is equal to 25 = 32 while the dc gain Gdc

a is
equal to 1. The dc signals Sdc is equal to DC (V). As for S1 it is proportional to RawR1 at
an unknown scaling factor difference G, i.e. S1 = −G × RawR1/106 (V). The consensus
with the engineers who build the CI apparatus is, so far, that this gain factor G is
unknown and dependent on the lock-in detection frequency, but is nevertheless smaller
than 1 since it is due to a modulation frequency dependent damping of the signal. The
differential reflectance thus reads

∆R

R
= −G× 1

32

2
√

2 RawR1/106

DC
(5.8)
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In the following discussions we have assumed G=1/4. This value has been empirically
determined so as to conciliate, as best as we could, experimental and simulation data on
uniformly and non-uniformly doped samples, as will be shown in the following sections.
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Figure 5.10: CI signal of uniformly doped silicon substrates at maximum probe (57 mW) and

pump (57.6 mW) powers. The raw CI signal is given by RawR1/DC µV/V. The corresponding differential

reflectance is given by −∆R/R = G× 2
√

2
25×106 × RawR1/DC with G = 1/4. The dashed curve is a guide

to the eyes. All samples are p-type except when mentioned otherwise in brackets. As indicated, one

sample is covered with a 10 nm thick rapid thermal oxidation (RTO) oxide.

Now that the link between the differential reflectance (−∆R/R) and the CI signal is
clarified, let us first observe the signal dependence as a function of the substrate doping
concentration (Fig. 5.10). The signal slightly increases with doping concentration,
reaches a maximum around 2× 1018 /cm3 doping concentration and then decreases and
eventually becomes negative (data point at 5×1019 /cm3). We also notice that the signal
values are very scattered, well above the noise of the CI signal (100 µV/V or 2.2×10−6 in
units of ∆R/R). We know however from Sec. 4 that lowly doped samples (Ndop < 1017

/cm3) should all show the same behavior, since the ambipolar diffusivity (Fig. 4.15),
the bulk recombination lifetimes (Fig. 4.6) and the bandgap narrowing (Fig. 4.13) are
independent on the doping concentration at high injection (N/Ndop � 1). In view of
the results presented in Sec. 5.1, we presume that the main responsible for this signal
scattering is the charging phenomenon, induced by surface charges during illumination,
which subsequently influences the surface recombination velocity (Sec. 5.1). This will
be further confirmed with the support of numerical simulations in Sec. 5.2.4.1. Let us
now observe the signal dependence as a function of the pump power (i.e. a power curve).
The power curves shown in Fig. 5.11a correspond to samples with doping concentrations
Ndop < 1016 /cm3. The scattering that was observed in Fig. 5.10 is obviously also
observed here. However, the sample covered with a 10 nm oxide (RTO1) not only
has a higher signal value but also has a very different shape relative to the samples
with a native oxide (NAO). Indeed, the sample with an RTO has a negative curvature
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5.2. Uniform doping

(d2(−∆R/R)/dP 2 < 0) at all powers, while samples with a native oxide (NAO) have a
positive curvature at low power and a negative curvature at higher powers.
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Figure 5.11: (a) Experimental power curves on lowly doped substrates (Ndop < 1× 1016 /cm3).

(b) Temporal behavior of experimental power curves for lowly (NAO 1.7, p-type, 6.7× 1015 /cm3) and

highly (NAO 1.6, n-type, 5 × 1019 /cm3) doped samples. A steady-state is reached after six power

curve measurements.

In the following sections, finite element simulations with FSEM are carried out in
order to explain the signal behaviors shown in Fig. 5.10 and 5.11. We will see that the
signal is a subtle balance between a carrier and a temperature contributions, which are
strongly dependent on the bandgap narrowing, the carrier diffusivity and the bulk and
surface recombination lifetimes.

5.2.2 General information about the simulation

Simulations of uniformly doped substrate under illumination are a priori straightfor-
ward to carry out. Nevertheless, special care must be taken with respect to the domain
dimensions. At the modulation frequency used in CI (2 kHz), the temperature charac-
teristic lengths is ' 80 µm while the carrier characteristic lengths varies from 80 µm
(τ = 10−5 s) down to 200 nm (τ = 10−10 s) depending on the carrier lifetime (Tab.
4.3). This has an important consequence on the domain dimensions which must be con-
sidered in the simulations, the solution of a (elliptic) diffusion equation being extremely
sensitive to domain size and applied boundary conditions. In theory, one could consider
carrying out the simulation in a domain having the size of the real sample (centimeter
wide, hundreds of microns thick). However, we have observed that when the domain is
much larger than the active region (region where the solution varies with position), the
drift-diffusion equation (DDE) system becomes ill-conditioned and the calculations do
not converge. This problem does not occur for the ambipolar equation, though negative
excess carrier can be obtained far from the active region.
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Figure 5.12: (a) Impact of confinement on the excess carrier concentration for a lowly doped

substrates (1015 /cm3). The 3D axisymmetric domain is a cylinder of equal thickness and radius of

varying lengths. The confinement becomes effective at side (thickness and radius) lengths smaller

than 300 µm. SRH lifetimes τ0
n = 2 × 10−3 s and τ0

p = 2 × 10−4 s were assumed. The probe and

the pump powers are respectively 57.6 mW and 57 mW. (b) Majority carrier convergence issue due

to oversized domain when solving the DDE on highly doped substrates. The upper and lower plots

show the differential excess carrier concentrations of the minority- and majority-carriers on domains

A and B (Tab. 5.1).

In other words, the domain dimensions must be large enough so that no carrier or
heat confinement occur, which would cause an overestimation of the carrier concentration
and temperature when Neumann boundary conditions (no electrical or thermal contact)
are applied (Fig. 5.12a), or an underestimation when Dirichlet boundary conditions
are applied. The domain must be small enough so as to avoid numerical convergence
problems due to system ill-conditioning (Fig. 5.12b). Practically, the domain size should
be a few times the carrier or temperature diffusion length. This causes a few technical
complications, since the carrier diffusion length is doping and excess carrier concentration
dependent (through the recombination lifetime τ in Eq. 4.101). The carrier domain
dimensions must therefore be adapted in function of the doping concentration. Typical
domain dimensions as a function of the doping concentration are shown in Tab. 5.1
for two different domain series A and B (domain dimensions of both series are doping
concentration dependent but dimensions of series B are shorter than series A by a factor
of 2 for doping concentrations larger ≥ 1019 /cm3), which were used in Fig. 5.12b to
illustrate the system ill-conditioning. With domain A, the solution is still ill-conditioned
while for domain B, which has smaller dimensions, the solution is well-conditioned.

Since the plasma and temperature characteristic lengths can be very different, two
different meshes of different domain dimension must be used for the carrier and the tem-
perature calculations. The carrier concentration solution, which is needed to compute
the solution of the heat equation, is therefore interpolated on the temperature mesh, of
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5.2. Uniform doping

Dop. Conc. (/cm3) 1015 3× 1018 5× 1018 1019 3× 1019 0.4− 3× 1020 1021

Rad. (A) 600 200 100 70 40 24 20
Thick. (A) 600 600 600 600 400 240 200
Rad. (B) 600 200 100 35 20 12 10
Thick. (B) 600 600 600 350 200 120 100

Table 5.1: Domain dimensions for the plasma as a function of the substrate doping concentration in

the range 1015 to 1021 /cm3. The radius and the thickness of the domain are indicated in micrometers

and correspond to the simulations shown in Fig. 5.12b for domains A and B.

which the domain dimensions are alway larger than those of the carrier mesh. This is
relatively easy to achieve with FSEM since it relies on FreeFEM++, which was designed
to deal with multi-grid problems. The DDE carrier simulations are carried out with ra-
dius and thickness of the domain ranging from 700 µm for the lowly doped substrate
(1015 /cm3) (Fig. 5.13) down to 10 µm for the highly doped substrate (1021 /cm3)7.
The ambipolar carrier diffusion simulations can be carried out on a large substrate (700
µm radius × 600 µm thickness), even at high substrate doping concentrations, without
causing convergence issue. The temperature simulations are always carried out using
constant domain dimensions of 700 µm radius × 600 µm thickness (Fig. 5.14). In all
cases, the mesh is automatically adapted on the excitations and on the solution in order
to avoid discretization problems.

Figure 5.13: (Color). Electron concentration (DDE) on a 1015 /cm3 uniformly p-doped sub-

strate. Left: domain size is 600 µm thickness and 700 µm width (i.e. radius). Right: zoom on a

80x80 µm zone.

7Note that a too low radius/thickness ratio leads to meshing problems in certain cases.
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5. EXPERIMENT VS. THEORY

Figure 5.14: (Color). Temperature calculated from the carrier solution of Fig. 5.13. The

domain size is 600 µm thickness and 700 µm radius.

5.2.3 MEDICI vs. FSEM

A comparison of the carrier solutions obtained with FSEM and MEDICI, using equivalent
generation, recombination and mobility models, is shown in Fig. 5.15. The very small
solution differences at high doping concentrations are probably due to the difference in
mesh. We believe the FSEM solution is more accurate since the mesh was optimized for
each doping concentration, while in the case of MEDICI, all the simulations were run on
the same mesh, optimized for a low doping concentration (1015 /cm3). Furthermore,
at very high doping concentrations (Ndop > 2 × 1020 /cm3) MEDICI gives vanishing or
negative differential excess carrier concentrations (Nδ = N'−N−), which is not physical.
The overall good agreement between FSEM and MEDICI indicates that our implementation
is valid. This will be further confirmed in chapter 6 (Fig. 6.2), where it is shown that
the FSEM solution converges towards the expected analytical solution at high doping
concentrations8.

5.2.4 Analysis of the models

Let us now discuss and compare the FSEM simulation results with our experimental
data (most of which were published by the author in Ref. [66, 68]). Note, that the
differential temperature values mentioned in Ref.[66] were overestimated (30%) due to a
double counting of the heat generation by recombinations. The mobilities at low doping
concentration were always slightly underestimated due to a wrong fitting parameter in
Klaassen’s mobility (thanks to J. Bogdanowicz for mentioning the bug). In this section,
we only mention the revised values but the conclusions remain essentially the same.

Before going into the details of the impact of the BGN model (Sec. 5.2.4.4), of the
mobilities (Sec. 5.2.4.3) and of the bulk and surface recombinations (Sec. 5.2.4.1), we

8No analytical solution exists at low doping concentration.
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Figure 5.15: Comparison of excess carrier concentrations (N−, N', and Nδ = N'−N−) obtained

with FSEM and MEDICI simulators. In the case of the FSEM simulations, the drift-diffusion (DDE)

and ambipolar (AMBI) models give almost identical results (curves cannot be distinguished). The

probe and pump powers are 57 and 57.6 mW respectively. SRH parameters: τ0
n = 2 × 10−3 s and

τ0
p = 2 × 10−4 s. Slotboom BGN and Klaassen’s mobility are assumed (fitting parameters from

Medici/Dessis are used).

first analyse the global trends of the excess carrier concentration and temperature as a
function of the substrate doping concentration. We here solve the ambipolar diffusion
equation assuming Slotboom’s BGN model, Klaassen’s mobilities and bulk SRH and
Auger recombinations. No carrier contact is applied (all homogeneous Neumann bound-
aries). The equation is solved when only the probe is shining (N−), and when both the
probe and the pump are shining (N'). The differential excess carrier concentration is
calculated as Nδ = N' −N−. As for the temperature, the dc (T0) and ac (T1) compo-
nents are both calculated, but practically we observe that Tδ ' 4<(T1), meaning that
the quasi-static regime also prevails for the temperature.

The solution shows the following behavior. The differential excess carrier concen-
tration at the surface (Nδ) as a function of doping concentration (Fig. 5.16a) remains
almost constant (at 3.4 × 1018 cm−3 level) up to a doping concentration of 1017 cm−3.
Then, it increases slightly to give a bump feature at 5×1018 cm−3 doping concentration,
which seems to coincide with the bump observed in Fig. 5.10, in spite of the lack of
experimental data in this range and the scattering of the signal. At high doping concen-
tration (Ndop > 5×1019 cm−3), the excess concentration decreases down to 1017 cm−3 or
less. The bump feature results from a competition between a decreasing diffusivity due
to carrier-carrier and carrier-impurity scattering (Klaassen’s model Fig. 4.15), and an
increasing recombination rate with doping (SRH) and free carrier concentration (Auger)
(Fig. 5.16a). Furthermore, Slotboom’s band-gap narrowing due to the increase in dop-
ing concentration causes the absorption coefficient to increase (Sec. 4.1.4), therefore
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increasing the generation rate and subsequently the excess carrier concentration.

It is also important to mention that even when the pump is off, the probe generates
a large amount of excess carriers (>1017 cm−3) causing the Auger recombination rate to
dominate the SHR recombination rate over the whole doping concentration range (Fig.
4.6a). For example, at 1015 cm−3 doping concentration, the Auger recombination rate
[Raug(1017) = 3.8 × 1020 cm−3s−1] already slightly dominates the SRH recombination
rate [Rsrh(1017) = 4.5 × 1019 cm−3s−1]. At very high doping concentration (> 1020

cm−3), Auger recombination is strongly dominant and the excess carrier concentration
is very small.

The differential excess temperature at the surface (Tδ) as a function of the doping
concentration shows an opposite behavior with respect to the excess carriers. As the
carrier concentration increases, the band gap narrowing induces a larger heat generation
by hot carrier thermalization, which is localized under the beam (Eq. 4.86) and therefore
causes an increase in the surface temperature (Fig. 5.16b). The increasing recombina-
tion rate with doping concentration also induces an increase of the local heating under
the beam with a subsequent increase in the surface temperature (Eq. 4.86b). At low
doping concentration (< 2 × 1018 /cm3), the differential temperature is dominated by
the hot carrier thermalization contribution. At higher concentration, the recombination
contribution becomes strongly dominant.

The CI signal can then be calculated from Eq. 3.108. Since the silicon wafer is
uniformly doped (no p-n junction), the solution varies smoothly as a function of depth
(Fig. 3.23) and the integrals in Eq. 3.108 vanish (carrier concentration and temperature
vary slowly in comparison to the probe laser wavelength) such that only the surface
terms contribute. The CI signal is then given by (neglecting the lateral integration)

SCI = −∆R/R =
4nair

(n2
av − n2

air)

n
|βe|∆Nδ(0) + |βh|∆Pδ(0)− |δT|∆Tδ(0)

o
(5.9)

Since the carriers move in an ambipolar way, the electron and hole excess concentrations
are equal (∆Nδ = ∆Pδ), so that the CI signal reduces to

SCI = −∆R/R =
4nair

(n2
av − n2

air)

n
(|β|∆Nδ(0)− |δT|∆Tδ(0)

o
(5.10)

where β = |βe|+ |βh| is the ambipolar Drude coefficient (Eq. 3.91) and δT = dn/dT is
given by Jellison’s fit (Eq. 3.83). The CI signal is thus a combination of the differential
excess carrier concentration and the differential excess temperature with opposite sign
(Fig. 5.16c). The bump feature which was possibly (only one experimental data point!)
observed in Fig. 5.10 and is observed in the carrier contribution, almost completely
disappears when the temperature contribution is taken into account (Fig. 5.16c). At
concentrations larger than 2 × 1019 /cm3, the signal becomes negative, which is in
agreement with experimental data. At high concentrations (> 1020 /cm3), the excess
temperature completely dominates the signal.

In the following sections, we investigate how the bulk and surface recombinations,
the mobility and the bandgap narrowing affect the signal and the shape of the power
curves. We are especially interested in finding the process responsible for the scattering
observed in the experimental data (symbols in Fig. 5.16c).
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Figure 5.16: Excess carrier (a) and temperature (b) from FSEM (ambipolar diffusion simulations)

as a function of the matrix doping concentration at 57 mW and 57.6 mW probe and pump powers

respectively. Slotboom’s BGN and Klaassen’s mobility are assumed. (c) The CI signal (−∆R/R)

results from a weighted average, with opposite signs, of the carrier and temperature contributions.

5.2.4.1 Bulk recombinations

In this section, the impact on the signal of a variation in the bulk SRH lifetimes is
investigated. In boron doped silicon, the SRH recombinations essentially occur through
midgap recombination centers due to boron-oxygen complexes [178]. The carrier lifetime
τ decreases with doping concentration (Eq. 4.52 and 4.53) as was shown in Fig. 4.5 for
typical Czochralsky wafers. Furthermore, during illumination — and we here consider
low irradiance as in natural day-light (100 mW/cm2, ∆N ' 2 × 1013 /cm3) —, the
SRH lifetimes are known to decrease due to the creation of new boron-oxygen complexes
[178]. Note that this effect is permanent, i.e. the lifetime doe not increase back when
the illumination is turned off.

The doping concentration dependence of the SRH lifetimes is given by the following
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formula (Eqs. 4.52 and 4.53)

τn =τ0
n/(1 + (Na +Nd)/Nsrh) (5.11)

τp =τ0
p/(1 + (Na +Nd)/Psrh) (5.12)

where Na and Nd are the acceptor and donor concentrations respectively and Nsrh =
Psrh = 7.1 × 1015 /cm3. In order to assess the quantitative impact of the lifetimes,
the low doping SRH recombination lifetimes (τ0

n, τ0
p ) are varied from a reference value

τ ref
n0 = 2× 10−3 s and τ ref

p0 = 2× 10−4 s, corresponding to a very good substrate quality,
and are successively divided by 10, 102 and 103 (Fig. 5.17). At the reference SRH
lifetimes, Auger recombinations dominate even at low doping concentration due to the
high injection level (> 1018 /cm3, Fig. 4.6a), so that the SRH lifetimes do not strongly
influence the excess carrier concentration. When the SRH lifetimes decrease (τ ref/10,
τ ref/100, ...) they eventually become comparable to the Auger lifetimes, and their impact
on the excess carrier concentration can no longer be neglected 9 (N− and N' decrease).
However, on lowly doped substrate (< 1016 /cm3), even when the SRH lifetimes are
strongly reduced (τref/1000), their net impact on the signal (∝ Nδ = N' − N−) is
negligible, due to the compensation of a decrease in N− by roughly the same decrease in
N'. In other words, even large changes in the SRH recombination lifetimes
are unable to explain the signal scattering observed for the lowly doped
substrates (< 1016 /cm3).

It is also interesting to notice that, according to Tab. 4.1, which is a compilation
from Ref. [182], the hole lifetime (τp0) is smaller or equal to the electron lifetime (τn0).
Consequently, at high doping concentration (> 1019 /cm3), it is expected that the n-type
substrate have a slightly lower excess carrier level than the p-type substrate since the
recombinations are limited by τp for n-type substrate and by τn for p-type substrates
(Eq. 4.51). The opposite is actually observed experimentally. A possible explanation
for the higher signal observed in n-type substrates will be provided in the next section,
dealing with surface recombinations.

5.2.4.2 Surface recombinations

In this section, the impact on the signal of surface recombinations is investigated. Surface
recombinations are more conveniently described by a surface recombination velocity
(SRV) s = Rs/∆Ns (where ∆Ns is the excess carrier concentration at the surface and
Rs is the surface recombination rate). The SRV of a sample is very sensitive to processing
conditions and is very likely to evolve with time, depending on storage conditions. The
SRV can thus be considered as an unkown which varies with time in an uncontrolled
way. In this thesis we did not carry out SRV measurements so that we cannot make
a systematic analysis of their impact on the signal. Nevertheless, we will see that the
theoretical impact of the SRV on the signal becomes prominent for s > 103 cm/s.

Let us investigate the quantitative impact of a degradation of s. It is assumed that
s is independent from the doping concentration and varies in the range 0 to 105 cm/s,
which is typical for silicon [13, 132]. Both the surface carrier and temperature signals

9As the recombination rate increases, the temperature also increases and adds up to the
signal decrease (Fig. 5.17b), although the main contribution originates from the excess carriers.
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Figure 5.17: Dependence of the excess carrier concentration (a) and signal (b) on the SRH

lifetimes in a uniformly doped substrate. Reference simulation parameters used: τref
n0 = 2 × 10−3 s,

τref
p0 = 2× 10−4 s, NSRH = PSRH = 7.1× 1015 /cm3. In each set of curve, the lifetimes τn0 and τp0

are scaled relative to the reference lifetimes.

decrease with increasing SRV (Fig. 5.19a and Fig. 5.19c), due to a decrease in the excess
carrier concentration and an increase in the surface temperature (Fig. 5.18) (opposite
response of the CI signal with carrier and temperature, Eq. 5.10). The impact of the
surface recombinations becomes non-negligible for s > 103 cm/s and is more pronounced
at low doping concentrations. At higher doping concentration, indeed, the bulk Auger
recombinations prevail. A variation in s in the range 2500 to 9000 cm/s is able to explain
the experimental CI signal scattering observed for the lowly doped samples (Fig. 5.19c).
However, since we did not incorporate the BGN induced quasi-electric fields in this
simulation (ambipolar diffusion equation), and since the experimental ∆R/R (symbols
in Fig. 5.19c) suffers from a global scaling factor uncertainty, the comparison of the
curve with the experiments is only qualitative.

Note that the higher signal observed for n-type samples could result from a lower
surface recombination velocity in n-type samples. If it is assumed that σn/σp � 1, which
is usually assumed for Si/SiO2 interfaces [99, 180], we have seen in Sec. 4.1.5 that the
SRV had the following behavior. For n-type substrates, the SRV is limited by the hole
capture cross section yielding s = sp, independently of the injection level (Tab. 4.2).
For p-type substrates, the SRV depends on the injection level. At high injection, s ' sp,
while at low injection s ' sn (Tab. 4.2). In summary, if sn/sp � 1 (i.e. σn/σp � 1),
p-type substrates at low injection (doping concentration > 1019 /cm3) tend to have a
higher SRV than n-type substrates, hence a lower signal.

The comparison of the signal at a single power does not provide sufficient evidence
that the scattering originates from surface recombination velocity variations. In order
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Figure 5.18: Minority carrier concentration (a) and temperature (b) profiles assuming surface

recombination velocity s = 0 and s = 104 cm/s. Probe and pump powers are 57 mW.
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Figure 5.19: Carrier (a), temperature (b) and total (c) signal contributions assuming surface re-

combination velocities s in the range 0 — 105 cm/s. The ambipolar equation and Schenk’s (depletion)

bandgap narrowing model are assumed.

to strengthen the confidence in the model, it is necessary to consider the full power
dependence of the CI signal, for samples with different surface treatments (Fig. 5.20a).

We first consider a sample (RTO1) which has undergone a rapid thermal oxidation
(RTO), resulting in a 10 nm thick oxide. Its power curve has a negative curvature (second
derivative is negative), as expected from the simulations (Fig. 5.20a).10 Furthermore

10The negative curvature is a consequence of the saturation of the excess carrier concentration
as a function of power, due to Auger recombinations. An analytical expression will be derived
in Chap. 6 (Eq. 6.7).
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5.2. Uniform doping

this sample does not show any time dependent effect (Fig. 5.1b), i.e. several power
curves acquired successively on the same sample spot show identical behaviors within
the noise level (not shown).

We then consider samples (NAO1 and NAO2) with a native oxide (NAO) (' 1 nm thick),
of which the power curves have very different shapes relative to the RTO1 sample (Fig.
5.20a). Their curvatures are always positive at low power while the simulations predict
a negative (at low SRV) or vanishing (at high SRV) curvature. At high power, their
curvatures is less positive and possibly becomes negative. Furthermore, these samples
present a non negligible time dependent behavior (Fig. 5.20b). When several power
curves are acquired successively, they however converge to a steady curve (see t6 ' t∞).
Note that sample NAO1, when measured again after polishing (Fig. 5.20a), shows a
strongly negative and linear power curve, which is characteristic of a very high SRV
(temperature dominates the signal).
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Figure 5.20: (a) Experimental (plain) versus simulated (dashed) power curves on lowly doped

substrates (< 1 × 1016 /cm3) as a function of the SRV. Samples with an RTO have a negative

curvature, which is in agreement with the simulations. Samples with a native oxide (NAO) show a

more complicated behavior, as explained in the text. For the simulations, the ambipolar equation and

Schenk’s (depletion) model are assumed. (b) Experimental power curve time dependence for lowly

(NAO 1.7, p-type, 6.7 × 1015 /cm3) and highly (NAO 1.6, n-type, 5 × 1019 /cm3) doped samples. A

steady-state is reached after six power curve measurements.

In order to explain the difference in the power curve shapes between samples with an
RTO and a native oxide, the signal time dependence behavior has to be considered. The
signal time dependence behavior is a well known phenomenon in PMOR experiments
and has been explained in Sec. 5.1 as the result of surface charge injection during
illumination. It has also been explained how the surface charges influence the SRV.
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Depending on the initial charge density and polarity at the surface and depending on
the charge injection process (electron or hole injection), we have shown that the SRV
could either increase or decrease during illumination. The time-dependent behavior
observed on uniformly doped samples (e.g. Fig. 5.1) causes the signal to increase more
than expected from the simulations, where no illumination-time dependent phenomenon
is considered. It corresponds to a decrease in the SRV as the illumination proceeds
(hence during a power curve acquisition). In practice, in order to acquire a power curve,
the sample is illuminated during 25 seconds (the probe illuminates constantly at its
maximum irradiance while the pump is ramped from 0 to its maximum irradiance),
which corresponds to an increase in signal (due to the time dependent behavior) of
5×10−5 to 1×10−4 on samples covered with a native oxide. This can explain the initial
positive curvature of the power curves (Fig. 5.20a) since the time-dependent mechanism
is especially effective at initial time (exponential behavior) (Fig. 5.7a). After a sufficient
illumination time, the time-dependent behavior becomes less effective so that the power
curve possibly shows a negative curvature as predicted by the simulations. The full
process is schematized in Fig. 5.21. Note that even after six power curve acquisitions
(Fig. 5.20b), the curvature at low power is still slightly positive although it is expected
to be negative. This is most probably due to the partial relaxation of the signal (i.e.
relaxation of the charges) between two power curve measurements (2 to 10% of the
signal is recovered in 5 seconds depending on the samples) (Fig. 5.7a). As for the RTO
samples, since they do not show a significant time dependent behavior (Fig. 5.1b), the
curvature of their power curves (RTO1 and RTO2) is negative as predicted by simulations.

In summary, we have shown that the variability of the SRV in the range 0 - 105

cm/s is able to explain the scattering of the experimental data especially at low doping
concentrations, and that the variation of the SRV during illumination has to be taken
into account in order to explain the shape of the power curves.

5.2.4.3 Mobilities

In this section, we investigate the impact of the carrier mobilities on the signal. We
successively assess the impact of the dopant type and of the degradation of the mobilities.

The impact of the dopant type on the mobilities in a homogeneous substrate is
best studied by looking at the ambipolar diffusivity (Sec. 4.1.8). At low and medium
injections, the diffusivity is higher in p-type than in n-type silicon (Fig. 4.16). Hence, the
excess carrier concentrations (N− and N') are higher in a n-type substrate. However,
the differential excess carrier concentration (Nδ = N'−N−) is actually lower in a n-type
substrate (Fig. 5.22a) due to the fact that N− increases proportionaly more than N'.
The slightly higher signal values observed in n-type samples (Fig. 5.22a) can thus not
be explained by the dependence of the diffusivity on the dopant type.

The impact of the degradation of the mobilities (Fig. 5.22) is assessed by intro-
ducing an additional mobility (µadd) accounting for any scattering effect not included
in Klaassen’s model (µK). The resulting mobility therefore reads, according to the
Matthiessen rule [201],

µ = (1/µK + 1/µadd)−1 (5.13)

Both the excess (not shown) and differential (Fig. 5.22b) excess carrier concentrations
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5.2. Uniform doping

Figure 5.21: Illustration of charge injection during a power curve acquisition. Starting from

an initially neutral surface with a high SRV, the sample surface is progressively charged by electron

injection through the native oxide and the subsequent ionization of oxygen molecules. At initial time

(i.e. low power), the band bending is still low (left inset of the figure), so that the injection is effective

(thick black arrow). As the surface get charged, the SRV decreases so that the power curve (palin line)

increases from the high SRV power curve (short dashed line) toward the low SRV power curve (long

dashed line). At large time (i.e. high power), the bands are bended so that the electron injection is

less effective and the SRV remains constant (right inset of the figure).

increase when µadd decreases. The recombination rate and the temperature increase con-
sequently so that the carrier and temperature signal contributions partially compensate
due to their opposite refractive index response (Eq. 5.10). Practically, the carrier signal
increases more relative to the temperature signal, leading to a global signal increase as
the bulk mobility is reduced. Degradation in mobilities may thus be responsible, at least
partially, of the data scattering obtained in the experiments.

5.2.4.4 Injection dependent BGN

The band gap narrowing (BGN) of a semiconductor is caused by both ionized dopants
and free carriers, the latter resulting from the activation of the dopants and any ad-
ditional excess carriers. The BGN doping dependence, neglecting the effect of excess
carriers, can be accounted for by Slotboom’s BGN model but a more accurate BGN
model, taking excess carrier concentration into account, has been proposed by Schenk
[176]. As explained in Sec. 4.1.7, Schenk’s model is only valid in non-depletion conditions
(carrier concentration higher or equal to doping concentration) but Schenk proposes a
slight modification which makes it work at all conditions. However, the modified model
slightly overestimates the BGN as compared to the original model in non-depletion con-
ditions (Fig. 4.13). Even for a p-n junction under intense illumination, a depletion
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Figure 5.22: (a) Impact of mobility on the differential reflectance for n- (dashed line) and p-

type (plain line) substrates. (b) Impact of mobility degradation on the differential reflectance. The

electron mobility is calculated as 1/µele = 1/µele
K + 1/µele

add. A similar relation holds for holes where

we have chosen µholadd = µeleadd/3. When µadd =∞, µ is the usual Klaassen’s mobility.

region appears a few diffusion lengths away from the laser, which practically means that
the modified model has to be used in numerical simulations involving p-n junctions.
However, in the case of a uniformly doped substrate (no depletion region), the original
Schenk model can be used.

The bandgap in a homogeneously doped substrate at equilibrium is uniformly nar-
rowed relative to an undoped substrate. This does not directly modify the transport
properties but causes an increase in the indirect band to band absorption coefficient
due to the higher density of available states seen by the incident photons (Sec. 4.1.4)
[α ∝ (hν − Eg)2] (Fig. 5.23a). When the sample is illuminated, the electron-hole pairs
(ehp) generated by photo injection (i.e. the excess carriers) induce an additional posi-
tion dependent bandgap narrowing, which has two important consequences. First, the
absorption coefficient increases, which causes an additional ehp generation (Fig. 5.23a).
Second, the quasi-electric fields Ec = −∇χ/q and Ev = −∇χ/q −∇Eg/q induced by
the gradients of the affinity and bandgap (Eqs. 4.22 and 4.23) counteract the normal
carrier outward diffusion (Fig. 5.23a), and therefore contribute to a further increase
in excess carrier concentration under the illuminated area. In summary, both BGN in-
duced effects, i.e. the increase in absorption coefficient and the formation of energy band
spatial gradients, contribute to an increase in excess carrier concentration, which causes
additional BGN (positive feedback). The increase in the excess carrier concentration is
limited by the recombination processes (Auger and SRH). The excess carrier concentra-
tions obtained by solving the DDE system assuming Slotboom, Schenk (original) and
Schenk (depletion) models are shown in Fig. 5.23b. At low doping concentration, up to
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5.2. Uniform doping

Model Nδb (/cm3) Tδb (K) −∆R/R

Slotboom 2.63× 1018 1.80 0.547× 10−3

Schenk (orig.) 3.07× 1018 2.39 0.614× 10−3

Schenk (depl.) 3.59× 1018 2.75 0.724× 10−3

Table 5.2: Differential quantities at 43.2 mW for a 1015 /cm3 doped substrate. Three BGN models
are considered: Slotboom, original Schenk and depletion Schenk.

30% difference is observed depending on the BGN model. The difference decreases when
the doping concentration increases due to the decrease in injection level. Consequently,
the bump feature (at Ndop = 5× 1018 /cm3) almost completely disappears. The differ-
ential excess carrier concentration (Nδ = N' − N−) and temperature (Tδ = T' − T−)
as a function of the pump power for a 1015 /cm3 doping concentration substrate are
shown in Fig. 5.24a and 5.24b. Although the excess carrier concentration and excess
temperature levels are quite different depending on the assumed BGN model, the shape
of the curves are similar (Fig. 5.24c). The differential quantities at 43.2 mW (75% of
the maximum pump power) are given in Tab. 5.2. It will be convenient to refer to these
values in Sec. 5.3 dealing with doping profiles on lowly doped substrates.

15
10

16
10

17
10

18
10

19
10

20
10

21
10

0

1

2

3

4

5

6

7

8

Figure 5.23: (a) Illustration of the enhanced ehp generation [α ∝ (hν − Eg)2] and of the carrier

drift induced by the quasi-electric fields [Ec = −∇χ/q and Ev = −∇(χ + Eg)/q] due to BGN. (b)

Excess carrier concentration as a function of doping concentration with Slotboom, Schenk (original)

and Schenk (depletion) models.

The quantitative impact of the increase in absorption coefficient and of the energy
band gradients can be separated by comparing the numerical solutions obtained with the
ambipolar (Eq. 4.24) and the DDE (Eqs. 4.1 to 4.3) (Fig. 5.25). When the ambipolar
diffusion equation is solved, the spatial gradients of the energy bands are not taken
into account but the absorption coefficient variation is considered. When the DDE are
solved, both effects are taken into account. The ambipolar and DDE lead to the same
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Figure 5.24: (a) Differential excess carrier (Nδ = N'−N−) and (b) temperature (Tδ = T'−T−)

as a function of the pump power. (c) Differential reflectance (∆R/R) as a function of the pump power

(i.e. power curve). The doping concentration of the substrate is 1015 /cm3. Three BGN models are

considered: Slotboom, original Schenk and depletion Schenk. The vertical dashed lines indicate 75%

(43.2 mW) and 100% (57.6 mW) of the maximum pump power of the BX10 apparatus installed at

IMEC.

excess carrier concentration when Slotboom’s BGN model is used, since it assumes the
independence of BGN on excess carriers, so that no spatial BGN gradient can result
from them. The additional effect of the excess carriers, as modeled by Schenk, comes
for 20% from the increase of the absorption coefficient (ehp creations) and another 20%
from the quasi-electric fields. The temperature increases subsequently to the increase
in excess carrier (recombinations increase), which partially counteracts the effect of
Schenk’s BGN on the final signal, since the carrier and temperature components of
∆R/R have opposite signs (Eq. 5.10). The net signal change due to BGN is however
dominated by the carriers, resulting in a 30% total signal (carrier and temperature)
increase at low doping concentration (< 5× 1018 /cm3). In addition, the bump feature,
centered at a doping concentration of 4× 1018 /cm3, disappears with Schenk’s model.

5.2.4.5 High illumination power (GW/cm2)

In Chap. 6, we will see that in order to resolve high doping concentrations in the doped
layer (Ndop) of a p+-n (or p+-p) junction, a high substrate excess carrier concentration
(Nδ) is required. As a rule of thumb, Nδ in the surface region should at least be larger
than the active doping concentration divided by 10 (Nδ ≥ Ndop/10) and ideally should
be of the same order (Nδ ' Ndop). Ultra shallow junctions in the comming years will
feature doping concentrations as high as 5 × 1020 /cm3, so that substrate excess car-
rier concentrations of 1020 /cm3 will be required. As shown in Fig. 5.26, such a high
injection level can be achieved with an irradiance of 0.6 GW/cm2 but would almost
cause the sample to melt. Note that we neglected free carrier absorption, meaning that
the temperature increase is underestimated. Furthermore, the temperature dependence
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Figure 5.25: (a) Illustration of the enhanced ehp generation [α ∝ (hν − Eg)2] and of the carrier

drift induced by the quasi-electric fields [Ec = −∇χ/q and Ev = −∇(χ + Eg)/q] due to BGN. (b)

Differential reflectance as a function of the acceptor concentration. Slotboom and Schenk (depletion)

BGN models are compared using either the ambipolar diffusion equation (AMBI) or the drift-diffusion

equations (DDE) in order to differentiate the quasi-electric field and absorption effects.

of the bandgap, of the mobility and of the absorption and generation processes were
also neglected. The simulations at an excess temperature Tδ > 200 K should thus be
considered as qualitative. Excess carrier concentrations of 5 × 1020 /cm3 can only be
achieved using a short pulsed laser beam, with the implicit advantage that the temper-
ature increase remains limited. We here want to draw the attention on the fact that
the CI apparatus will therefore have to be deeply redesigned for dealing with doping
concentrations higher than 1020 /cm3.

In May 2007, we had the opportunity to carry out new CI measurements on a more
recent BX10 tool installed at Applied Materials (Santa Clara, CA). This tool provides
illumination powers up to 150 mW instead of the 57.6 mW of the BX10 tool installed
at IMEC. The other laser characteristics are the same (wavelength, radius, modulation
frequency). Increasing the pump power from 0 to 150 mW, the signal first increases and
saturates around 120 mW and then decreases (Fig 5.27b). This decrease is expected from
the simulation and stems from an increase in the sample excess temperature while the
excess carrier concentration (Fig 5.27a) starts to saturate due to Auger recombination
processes. However, the maximum signal predicted by the simulations occurs at a pump
power around 240 mW instead of the 120 mW observed experimentally (Fig 5.27b).
This can be explained by the fact that FCA and temperature dependence of BGN are
neglected in the calculation of the absorption coefficient in our simulations (Sec. 4.1.4).
We know indeed that FCA starts to compete with BBA at carrier concentrations higher
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Figure 5.26: (a) Differential excess carrier concentration (Nδ) and temperature (Tδ) up to high

illumination powers (0-250 W) [or irradiance (GW/cm2)]. (b) Differential excess carrier concentration

(same as in a) on a linear scale.

than 1019 /cm3 (Fig. 4.4, αfca = 100 /cm and αbba = 600 /cm at λ = 830 nm and
1019 /cm3 carrier concentration), which will result in an increase in the sample surface
temperature. We also know that band gap narrowing as a function of temperature follows
a T 2 law [218], which will also result in an increase in the surface temperature. We did
not have the time to implement the FCA absorption mechanism and the temperature
dependence of the bandgap in FSEM so that we cannot assess their quantitative impact.

We also want to point out that the signal decrease observed in Fig. 5.6 and in Fig.
5.27b are different by one order of magnitude (respectively 10−4 and 10−5 in units of
∆R/R) and are therefore two different phenomena. The former stems from the charging
of the surface during illumination, while the second stems from an increase in the surface
temperature.

5.2.4.6 Frequency effects

In this section, we want to assess the validity of the quasi-static approximation (ωτ �
1) by comparing the numerical solutions of the steady (Sec. 4.1.2) and the steady-
periodic (Sec. 4.1.3) ambipolar diffusion equations. We remind that in the quasi-static
approximation (Eq. 3.4), the peak-to-peak amplitude of the excess carrier concentration
(Nδ) is obtained by taking the difference of the excess carrier concentration, calculated in
the steady regime, when both the probe and the pump (peak intensity) are illuminating
the sample (N'), and when only the probe is illuminating the sample (N−), so that
Nδ = N' − N−. In reality, the lock-in amplifier of the CI apparatus returns a signal
proportional to the peak-to-peak amplitude of the first harmonic of the excess carrier
(4|Ñ1|). It is only in the quasi-static limit that Nδ converges toward 4|Ñ1|.

In the development of the steady-periodic ambipolar diffusion equations (Sec. 4.1.3),
we assumed Da and G only depend on N0 (the dc component of the excess carrier
concentration), which introduces an error in the resolution. In order to estimate this
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Figure 5.27: Dependence of the carrier concentration and temperature on pump power at high

illumination powers. (a) Differential excess carrier (Nδ) and opposite of the differential excess tem-

perature (−Tδ). (b) Simulated and experimental signals (−∆R/R).

error, simulations are carried out assuming a modified dc level N
′
0 = N0 + η2N1, where

η is taken in the range [-1, +1]. The solutions for η = +1 and η = −1 give the limit in
which the true solution is expected to be. It is however important to realize that since
the ambipolar diffusivity is not a monotonic function of the excess carrier concentration
in the range 1017 - 1019 /cm3 (Fig. 4.16c), calculations at intermediate values of η (e.g
η = 0) are required to have a better idea of the true solution. In Fig. 5.28, the dc
(N0), first (N1) and second (N2) harmonics are shown for η = −1, 0,+1, assuming a
pump modulation frequency of 2 kHz. Note that in all cases, the imaginary parts of N1

and N2 are negligible (φ1 < 0.1o and φ2 < 1.0o) so that Ñ1 ' <(Ñ1) = |Ñ1| (idem for
Ñ2). The first harmonic component (N1) of the surface excess carrier concentration as a
function of the doping concentration shows the following behavior (Fig. 5.28). At high
doping concentrations (> 1019 /cm3), we have Nδ = 4N1 since ωτ � 1 (quasi-static
regime), and N2 � N1 since the Auger and SRH recombination rates are linear (See Eq.
4.50 and 4.51 when ∆N � Pdop). At lower doping concentrations, ωτ ' 1 due to the
higher carrier lifetime, and N2 is no more negligible (' 3% of N1) due to the quadratic
(SRH and Auger) and cubic (Auger) nature of the recombination rate. The result of Fig.
5.28, though depending on the choice of the coefficient η suggests that the quasi-static
approach is not sufficient to accurately predict the excess carrier behavior at low doping
concentrations (< 5× 1018 /cm3). The bump in the experimental data, observed
at 2 × 1018 /cm3 (Fig. 5.10), may well correspond to the bump observed in
the steady-periodic solution. It is however not possible to conclude due to
the lack of data in this range.

In order to check the validity of the solution of the steady-periodic ambipolar diffu-
sion equations (Fig. 5.28), it is useful to compare the experimental and the simulated
second harmonic as a function of the pump power. The total second harmonic signal,
taking both the carrier and the temperature contributions into account, is computed in
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Figure 5.28: Comparison of the quasi-static and steady-periodic regimes. Comparison of the quasi-

static (Nδ) and the steady-periodic [4<(Ñ1 + Ñ2)] carrier concentrations at z=0 and r=0, for three

values of η (-1, 0, +1). N0, Ñ1 and Ñ2 are respectively the dc, first and second Fourier components

of N(t). The third harmonic is negligible and is therefore not shown. Schenk BGN is assumed. The

probe power is 57 mW and the amplitude of the pump power is 43.2 mW.

the same way as for the first harmonic, i.e.

−∆R2/R =
4

n2
Si − 1

(−4|β|<(N2) + 4|δT |<(T2)) (5.14)

where <(N2) < 0 (this is always the case and that can be seen from Eq. A.65) and
<(T2) > 0 (this might not always be so but it is the case here). The order of magnitude
of the experimental and simulated power curves are in very good agreement11, though
the curvature of the simulated power curve is underestimated (Fig. 5.29). The charging
effect may explain the differences but we did not carry the necessary experiment to
conclude. It is interesting to note that the second harmonic vanishes at high doping
concentration (5×1019 /cm3). This is expected since, at high doping concentration, the
low injection makes the ambipolar equation linear (small signal).

11The same gain factor as previously is applied to the experimental data (G=0.25). Since
the lock-in amplifier extracts the first and second harmonics in a single measurement, the gain
factors are identical.
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Figure 5.29: Experimental (noisy curves) and simulated (smooth curves) second harmonic signal

as a function of pump power. At high doping concentration (5 × 1019 /cm3), the second harmonic

vanishes.
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5.3 Nonuniform doping

The main purpose of this thesis is the characterization, with Carrier IlluminationTM,
of highly doped p+n or p+p ultra shallow junctions (USJ), i.e. sub-70 nm profiles12

with layer doping concentrations larger13 than 5 × 1018 /cm3. The most conventional
processing technique for the fabrication of USJs is ion implantation, for which the re-
sulting profiles are Gaussian-shaped and non-activated. A subsequent annealing step is
necessary to activate the dopants, resulting in diffused profiles. In this work, we want
to keep the profile shape as box-like as possible in order to simplify the analysis of the
data. Special implant techniques [185] can be used to reduce dopant diffusion, but this is
done at the expense of the creation of end-of-range defect regions, which would strongly
complicate the carrier dynamics of the sample under illumination (strong recombination
rate). Chemical vapor deposition (CVD) is another technique that can be used to form
USJs, although it is not used for commercial device fabrication, mostly due to pattern-
ing issues. Doping by CVD is however interesting from our research point of view, since
we can work on blanket wafers (not patterned). The resulting doping profiles feature
low defect concentration, highly activated and box-like shaped (steepness at the junc-
tion of typically 1 or 2 nm per decade) doping profiles. Since most dopants are already
activated after deposition, no post-annealing step is required, which allows to retain the
box-like shape of the profile. Practically the layers are not fully activated, but a short
annealing allows to preserve the box-like shape of the profile and provides a very good
activation. For all these reasons, most of the experimental data used in this chapter
comes from CVD doped wafers and boron is used as the dopant species. Nevertheless,
CVD is difficult to control and the reproducibility is quite poor. This results in layers
with a non negligible variability in the properties, making the analysis of the data more
complicated.

This section is divided into five subsections. In Sec. 5.3.1, typical experimental
data are presented, including SIMS, SRP, FPP and CI measurements. In Sec. 5.3.2,
a preliminary analysis of the experimental data is carried out without making use of
numerical simulations. This will help us to apprehend the signal behavior as a function
of the junction depth and of the layer doping concentration. In Sec. 5.3.3, essential
information to correctly reproduce the numerical solutions is provided. In Sec. 5.3.5,
the general behavior of the solution, in terms of excess carrier concentration, electrostatic
potential, electric field, and quasi-Fermi level is presented and provides the necessary
knowledge that will allow us to derive approximated solutions in the next chapter (Chap.
6). Finally, in Sec. 5.3.6, the impact of the models and of the model parameters is
assessed and in particular, the impact of BGN modeling, of the surface recombinations,
and of the carrier mobility in the layer.

12Deeper junctions can also be probed but an indetermination occurs due to the signal peri-
odicity as a function of the junction depth (λvac/4n = 68.2 nm). The smallest junction depth
that can be resolved is about 15 nm but it depends on the doping concentration and on the
signal to noise ratio. This is further analyzed in Sec. 7.2.1.

13The minimum doping concentration that can be measured is limited by the S/N ratio. As
for the upper limit, it is limited by the substrate injection level. This is further analyzed in Sec.
6.2
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5.3.1 Experimental data

All of the samples analyzed in this chapter were fabricated at IMEC14 by boron (B)
doped (1018 < Ndop < 4 × 1020 /cm3) silicon chemical vapor deposition (CVD) on
lowly doped (1015 /cm3) n- or p-type silicon substrates. The SIMS profiles are essen-
tially box-shaped with a reasonably flat doping level in the top layer, a junction depth
(depth at which the SIMS doping concentration level is equal to 1018 /cm3) in the range
Xj = 10 − 120 nm, and a metallurgical junction steepness of a few nanometers per
decade (Fig. 5.30). Some sample series show a small doping concentration peak near
the metallurgical junction (e.g. CVD3 A), while others do not (e.g. CVD1 A). The
doping concentration peak at the surface is a SIMS artifact as mentioned in Sec. 1.2.1.
The thickness uniformity across the wafer seems better than 5 nm (uniformity was not
systematically checked considering the cost of a SIMS measurement). Scanning resis-
tance probe (SRP) (Sec. 1.2.2) measurements were also carried out on selected wafers
(Fig. 5.30). In many cases (CVD1 A and CVD3 A), the SRP junction depth (depth
at which the SRP doping concentration level is equal to 1018 /cm3) is shallower by 1
to 20 nm with respect to the SIMS junction depth. For sample CVD2 C, the SRP
junction depth is deeper than the SIMS junction depth, which is unphysical since the
active doping concentration (given by SRP) should always be smaller than the total
doping concentration (given by SIMS). This can be due to the fact that different sites
are measured on the wafer (destructive techniques). Furthermore, the accuracy of SRP
is poor for such shallow junctions. A summary of SIMS and SRP junction depths and
average (active) doping concentrations is given in Tab. A.8 (appendices).

On p+n samples, sheet resistance measurements by FPP (FPP does not work for
p+p structure since a depletion region is needed to avoid substrate shortening) were
systematically carried out. Note that even for very small junction depths (Xj < 30 nm)
the probe penetration through the junction is not an issue since the depletion region
extends down to 1 µm deep (substrate doping concentration is < 1015 /cm3). The sheet
resistance Rs (Ohm/sq.) of the doping profile is related to the resistivity profile ρ(z)
(Ohm × cm) by the following relation

Rs =
1R

1/ρ(z) dz
(5.15)

which is itself related to the carrier concentation N(z) according to

ρ(z) = 1/ (qN(z)µ(N(z))) (5.16)

where µ(z) is the mobility profile. Equation 5.15 reduces to Rs = ρ/Xj = 1/(qNµXj) in
the case of a box-like (carrier) profile. By plotting the reciprocal sheet resistance (1/Rs)
versus the SIMS junction depth (Xj) of series CVD3 A and CVD5 A (Fig. 5.31), a linear
relation with an offset is observed, i.e. 1/Rs = qNµ(Xj −Xd). The offset indicates the
existence of an inactive layer (dead layer) of thickness Xd (6.5-11.1 nm) (e.g. at the
surface or at the epi-layer/substrate interface), and the linearity implies that N × µ is
independent of the layer thickness. If µ is considered to be dependent only on N through
Klaassen’s model, N × µ(N) increases monotonically (but in a sub-linear way) with N ,

14Lot of thanks to Roger Loo and Matty Caymax who fabricated these samples
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Figure 5.30: (Color). SIMS (noisy curves) and SRP (smooth curves) profiles of CVD1 A, CVD2

C, CVD3 A and CVD5 A series. See Tab. A.8 (appendices).

so that a constant N×µ implies a constant N . The slope qNµ(N) of the 1/Rs vs Xj plot
allows to determine N and µ (assuming Klaassen’s mobilities) using fix-point iterations
or Newton’s method. Optimized N and µ values are indicated on Fig. 5.31 and also
in Tab A.8 (appendices). The comparison of SIMS and SRP measurements on sample
CVD3 A (Fig. 5.30) shows indeed that the SRP junction depths (i.e. active dopants)
are slighly shallower15 with respect to the SIMS junction depths (i.e. total dopants)
and that the active doping concentration is roughly independent of the junction depth,
hence in agreement with the FPP data shown in Fig. 5.31.

It is also interesting to compute the average activation aav (in the range 0.0 −
1.0) of the doped layer by combining FPP sheet resistance (RFPP

s ) and SIMS atomic
concentration16 [N tot

dop(z)] measurements

RFPP
s =

1

q
R
aavN tot

dop(z) µK(aavN tot
dop(z)) dz

(5.17)

The mobility is taken from Klaassen’s model [120] where it is assumed that the mobility
depends on the active doping concentration (coulombic scattering). The possible mo-

15This is however also partially due to the carrier spilling effect.
16Usually, only the 11B isotope [abundance: 11B(80.1%), 10B(19.9%)] is measured with SIMS.

The total doping concentration is thus given by Ntot
dop = N11B × 100/80.1.
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5.3. Nonuniform doping

bility degradation due to the non active part of the doping (lattice scattering due to
disorder) is not taken into account. Equation 5.17 is solved for aav with the Newton
method. Note that taking aav = 1 in the mobility function makes the equation linear
in aav and essentially leads to the same result for not too low activation levels. The
average activation aav of serie CVD3 A, CVD2 E and CVD5 A is shown in Fig. 5.32.
As a confirmation of the existence of the inactive layer, the average activation increases
with Xj . At large Xj , the impact of the inactive layer thickess becomes negligible and
the mean activation reaches a plateau.
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Figure 5.31: Reciprocal FPP sheet resistance (1/Rs) vs SIMS junction depth (Xj) of sample series

CVD3 A (left) and CVD5 A (right). Optimized carrier concentration (N) and hole mobility µp where

calculated as indicated in the text.

For p+p structures, FPP measurements are not feasible due to the lack of depletion
region. Nevertheless, an average activation, aav, can be estimated by combining SRP
(Nact

dop) and SIMS (N tot
dop) measurements as follows

aav =

R
Nact

dop(z) dzR
N tot

dop(z) dz
(5.18)

The average activations of sample CVD3 A obtained with FPP/SIMS and SRP/SIMS
are similar (Fig. 5.32). With SRP/SIMS, a few data points are out of trend, which is
most probably due to wrong SRP measurements17.

A summary of all sample properties, including SIMS doping level concentrations and
junction depths, SRP active doping level concentrations and junction depths, average
activations, and sheet resistances is given in appendix in Tab. A.8.

Let us now comment the CI measurements on the CVD sample sets. Selected data
sets are shown in order to keep the figures readable and to focus on the essential features.
New sample sets will be introduced during the discussion to refine our understanding.
The CI signal (∝ −∆R/R) as a function of the SIMS junction depth, at 43.2 mW pump
power (75 % of the maximum pump power), is shown in Fig. 5.33. The overall cosine
shape of the signal is in agreement with what is expected for a box-like profile. Indeed,

17The depth reproducibility of a SRP measurement is quite poor.
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Figure 5.32: Average activation as a function of the SIMS junction depth. Trendlines are drawn

as a guide to the eyes.

writing the first order reflection formula (Eq. 3.108) for a box-like profile (Eq. 3.34)
and assuming that the excess electron and hole concentrations are equal 18 and that the
temperature contributes as a surface term only19, the differential reflectance reads

−∆R/R =
4

n2
Si − 1

h
|β|
“
Nδb +NδXj (cos(4πnSiXj/λ)− 1)

”
− |δ|Tδ

i
(5.19)

Three important remarks can be made. First, according to Eq. 5.19, the signal must
converge to ∝ |β|Nδb − |δT |Tδ when Xj → 0, independently of the layer doping concen-
tration. However, in Fig. 5.33, the signal seems to converge to a value which is higher
for the highly doped layers (CVD1 A, CVD2 C, CVD3 A) than for the lowly doped
layers (CVD5 A). The signal of a lowly doped substrate (RTO) is even lower. This be-
havior will be explained in Sec. 5.3.6.2 as a decrease in surface recombination rate when
the layer doping concentration increases (field-induced passivation), assuming constant
surface recombination velocities. Second, the cosine amplitude increases with the layer
doping concentration, and is positive (NδXj > 0). This is linked with the potential

difference across the junction, as we will see in Sec. 5.3.6.1, and it is strongly dependent
on the band gap narrowing. Finally, the effective half-wavelength of the cosine is larger
than the theoretically expected wavelength (λeff/2 = λ/4nSi = 68.25 nm at λ = 980
nm). This will be explained as an additional contribution of the temperature signal due
to lattice disorder (absorption coefficient increases and thermal conductivity decreases
at the surface) as the doped layer thickness increases.

18This is strictly valid in the substrate only (high injection) but we will show in Sec. 5.3.5
that it remains essentially valid in the doped layer.

19Indeed, the temperature profile does not show any feature at the metallurgical junction and
its characteristic decay length is much larger than the probe wavelength.
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Figure 5.33: CI signal as a function of SIMS junction depth. The lines are guides to the eyes.

Let us now consider the pump power dependence of the CI signal, i.e. power curves,
on lowly (CVD5 A), medium (CVD2 C) and highly (CVD3 A) doped layers (Fig. 5.34).
Since we are interested in understanding the shape of the power curves in function of
the doping profile characteristics (Nact

dop, Xj , slope), it is convenient to compute the first
derivative of the power curve (right of Fig. 5.34)20. For lowly doped layers (CVD5 A),
the curvature (second derivative) changes sign (inflection point, i.e. the first derivative
has a maximum) at an illumination power which increases with the junction depth. We
have seen in Sec. 5.2.4.1 that the charging effect can cause such a change in curvature
but the simulations will show that this curvature change is also present in absence of
surface charging (Sec. 5.3.5). For medium doped layers (CVD2 C), an inflection point
is only observed for the shallowest sample. The powercurves of the samples with the
deeper junctions have a positive curvature but their slope is negative at low power and
becomes positive at higher power. For highly doped layers (CVD3 A), the power curves
are essentially linear.

20With the BX10 apparatus installed at IMEC, the powercurve need to be smoothed prior
to computing the derivative. Practically a sliding average smoothing can be used but it tends
to deform the curves. A specific spline fitting algorithm [63], which has already been used
successfully for SRP (Thanks to T. Clarysse for providing me with the code of the algorithm),
provides a good fitting without deforming the curve. However, in a few limited cases, the
algorithm introduces spurious oscillations.
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Figure 5.34: Power curves of selected CVD doped samples, from low (top of figure) to high active

doping concentrations (bottom of figure). Left: spline interpolations of the experimental power curves

using the algorithm of Ref. [63]. The difference between the experimental data and the fitting is in

the range 1.6× 10−6 − 4.4× 10−6, thus indistinguishable with the naked eye. The fitting is however

necessary for calculating the derivative. Right: derivative of the spline interpolation using a three

point stencil.

5.3.2 Preliminary analysis of the experimental data

The general behavior of the data shown in Fig. 5.33 can be understood by analyzing
the first order reflection formula (Eq. 3.108) for a box-like profile (Eq. 3.34), assuming
that the excess electron and hole concentrations are equal.

If we first assume that the temperature contributes with a surface term only, the
differential reflectance reads

−∆R/R =
4

n2
Si − 1

h
|β|
“
Nδb +NδXj (cos(4πnSiXj/λ)− 1)

”
− |δT |Tδ

i
(5.20)

The experimental data can be fitted by optimizing the two parameters Nδb and NδXj
as shown in Fig. 5.35 (the optimized values are given in Tab. 5.3). The surface excess
temperature is assumed independent of the layer doping concentration and thickness,
and is taken at Tδ = 2.39 K corresponding to a uniformly doped substrate (1015 /cm3) at
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5.3. Nonuniform doping

43.2 mW pump power (Fig. 5.24). Assuming a different Tδ only modifies the optimized
substrate level Nδb but does not affect the junction term NδXj since the amplitude of the

cosine is not affected by a global shift. The other coefficient in the equation are taken
at their usual value at λ = 980 nm, i.e. β = βe + βh with βe = −4.615× 10−22 cm3 and
βh = −3.108×10−22 cm3 (Drude’s model, Tab. 3.3), δT = dn/dT = 2.59×10−4 /K and
nSi = 3.59 (Jellison’s model, Tab. 3.2). By considering the same NδXj for all samples of

a series, we have implicitly assumed that their active doping concentrations are identical.
This seems to be a reasonable assumption for the p+n samples (SRP profiles of CVD3
A series in Fig. 5.30 and 5.31) but it may be a poor assumption for the p+p samples,
of which the surface active concentration seems to increase with junction depth (SRP
profiles of CVD1 A and CVD2 C series in Fig. 5.30).
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Figure 5.35: (Color). CI signal as a function of SIMS junction depth (symbols). The curves

are fitted of Eq. 5.20 with fitting parameters given in Tab. 5.3. The pump power is 43.2 mW (75 %

of the maximum). The inset on the right shows the assumed differential excess carrier profile.

Id Nact
dop /cm3 Nδb (/cm3) NδXj

(/cm3)

CVD5 A (p+n) + 3.68× 1018 (FPP) 2.89× 1018 0.14× 1018

CVD2 C (p+p) ♦ 1.0× 1019-3.0× 1019 (SRP) 3.25× 1018 1.35× 1018

CVD1 A (p+p) × 6.7× 1018-8.5× 1019 (SRP) 3.22× 1018 2.04× 1018

CVD3 A (p+n) � 1.02× 1020 (FPP) 3.30× 1018 2.22× 1018

Table 5.3: Fitting parameters used in Fig. 5.35. Tδ = 2.39 K, βe = −4.615 × 10−22 cm3 and
βh = −3.108× 10−22 cm3, δT = dn/dT = 2.59× 10−4 /K and nSi = 3.59 were assumed.

In Fig. 5.35, the gray areas correspond to forbidden zones where no data points
should be found. According to Eq. 5.20, this zone is determined by assuming that NδXj
varies from 0 at low doping concentration (i.e. no layer) to Nδb at very high doping
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concentrations (i.e. no excess carrier in the doped layer)21. In Fig. 5.35, we observe
that the signal at Xj = 0 is essentially the same for the highly doped layers [CVD1 A
(×), CVD2 C (♦) and CVD3 A (�)] and yields Nδb = (3.26 ± 0.04) × 1018 /cm3. This
is a strong indication that the substrate level (Nδb) is independent of the layer doping
concentration, at least at high doping concentrations. Furthermore, this value is in good
agreement with the substrate simulations (Fig. 5.24). The lowly doped sample CVD5
A (+), however, has a substantially lower substrate level (Nδb = 2.89× 1018 /cm3).

An important experiment, which demonstrates that the CI signal is sensitive to the
active doping rather than the total doping concentration is shown in Fig. 5.36. A few
CVD samples (CVD2 2.5, 2.7, 2.9 and 2.10) were measured after deposition and after
annealing. Different annealing conditions were used (temperature 700-800oC during 1
to 9 minutes) and no significant dopant diffusion was observed except for one sample
(2.9) of which the junction depth increased of 9 nm (Fig. 5.36b). The as deposited
samples have 58-66% activation, while the annealed samples have a 84-91% activation
(measured by FPP). As expected from the general trend observed in Fig. 5.35, the CI
signal decreases with increasing activation of the dopants (Fig. 5.36a).
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Figure 5.36: (Color). Impact of annealing on the CI signal. The CI signals of as deposited

samples (©, CVD2 G) lie higher than the signals of annealed samples (⊕, CVD2 G). Sample CVD2

2.9 (*), which has slightly diffused during annealing, is also indicated (∗). Fitting curves of Fig. 5.38

are indicated for comparison.

Let us have a closer look at the data of three selected sample sets (Fig. 5.37).
First, sample set CVD5 A (Fig. 5.37a), which has a low active doping concentration
(3.6 × 1018 /cm3), has a lower substrate value than expected (data should lie on the
plain green curve), and lies in the a priori forbidden gray zone for Xj < 15 nm. We will
show in Sec. 5.3.6.2 that it can be explained as an increase in the recombination rate
at the surface. We will also see that more highly doped samples are less influenced by
the surface recombination velocity due to the reduced concentration of excess carriers

21This will be confirmed by the simulations in Sec. 5.3.5
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(junction-field induced passivation). Second, sample set CVD2 C (Fig. 5.37b) has data
points moving from a curve corresponding to a low active doping concentration (green
curve) down to a curve corresponding to a higher active doping concentration (magenta
curve), as the junction depth increases. This seems to be in agreement with SRP data
for these samples, which indeed show an increase in the active doping concentration with
junction depth. Finally, samples of series CVD2 E (Fig. 5.37c) have a inactive layer of
10.0 nm according to FPP measurements (Tab. A.8). This means that 10 nm should be
subtracted from the SIMS junction depth. The data points are thus shifted to the left,
and coincide with a curve corresponding to a higher active doping concentration (plain
magenta), as expected from FPP data.
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Figure 5.37: (Color). CI signal as a function of SIMS junction depth (Xj): impact of surface

recombination rate (a), activation (b) and inactive layer thickness (c).

5.3.2.1 Temperature dependence on the layer thickness

In Fig. 5.35, it is observed that the experimental data deviates from the fittings when
the junction depth increases (♦ at 88 nm and � at 118 nm). The apparent minimum of
the cosine drawn by the experimental data is thus shifted to deeper Xj . In particular,
the data point at 118 nm is too negative to be explained as an increase in the activation
or recombination rate. We therefore propose to relax the position of the minimum by
adding a temperature contribution proportional to Xj [22]

−∆R/R = − 4

n2
Si − 1

h
|β|
“
Nδb +NδXj (cos(4πnSiXj/λ)− 1)

”
− |δT | (Tδ + ζjXj)

i
(5.21)

where we have added a new term ∝ |δT |ζjXj , where ζj (K/nm) accounts for the increase
in surface temperature with increasing junction depth. We will see in Sec. 5.3.5 that
if the doped layer retains crystalline properties (though taking into account BGN and
increased SRH and Auger recombination rates due to doping), ζj ' 2 × 10−3 K/nm,
which is too small to influence the signal. Nevertheless, it is reasonable to assume
that CVD doped layers are not perfectly crystalline. Any additional disorder in the
doped layer causes the absorption coefficient to increase and the thermal conductivity
to decrease, both effect leading to an increase in surface temperature, so that ζj > 0.
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Id Nδb (/cm3) NδXj
(/cm3) ζj (K/nm) ζj/ζa

CVD5 A (p+n) + 2.905× 1018 0.068× 1018 6.897× 10−3 0.010

CVD2 C (p+p) ♦ 3.434× 1018 0.710× 1018 6.946× 10−2 0.102

CVD1 A (p+p) × 3.339× 1018 1.187× 1018 7.483× 10−2 0.110

CVD3 A (p+n) � 3.396× 1018 1.466× 1018 6.305× 10−2 0.092

Table 5.4: Fitting parameters used in Fig 5.38 including the temperature dependence as a function
of the layer thickness. Tδ = 2.39 K, βe = −4.615 × 10−22 cm3 and βh = −3.108 × 10−22 cm3,
δT = dn/dT = 2.59× 10−4 /K and nSi = 3.59 were assumed.

The fitting of Eq. 5.21, optimized for the three parameters Nδb and NδXj and ζj

(Tab. 5.4) are shown in Fig. 5.38. The fitting is much improved as compared to Fig.
5.35. By including the ζjXj dependence, the junction component (NδXj ) is substantially

decreased (by typically a factor of 1.5 to 2.1) but the substrate component remains
essentially unchanged (Nδb = (3.390± 0.048)× 1018 /cm3)22.
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Figure 5.38: (Color). CI signal as a function of SIMS junction depth. The curves are fittings

of Eq. 5.21 with fitting parameters given in Tab. 5.4. The pump power is 43.2 mW (75 % of the

maximum).

In order to assess the physical meaning of the ζj coefficients obtained from the
fitting, it is interesting to compare them to the ζa coefficients obtained on amorphous
layers. Using CI data of a set of amorphized, ion implantated, layers of varying thickness
Xa (Fig. 5.39), we observe that the dependence of the CI signal as a function of the

22Series CVD1 A, CVD2 C and CVD3 A are included in this mean value. Series CVD5 is
not included in the mean value due to its to high sensitivity to surface recombinations resulting
from its low active doping level. Note that |β|Nδb − |δT |Tδ = cst (Eq. 5.21 with Xj = 0), so
that assuming a different substrate temperature gives a different bulk concentration level.
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5.3. Nonuniform doping

amorphous depth (Xa) is linear and can be modeled as

−∆R/R =
4

n2
Si − 1

“
|β|Nδb − |δT |Tδ − |δT |ζaXa

”
(5.22)

with ζa = 0.683 K/nm, assuming the usual values of β and δT and nSi for crystalline
silicon at λ = 980 nm. Note that the Nδb values for amorphous and CVD layers are,
in principle, very different. The amorphous layer causes a strong increase in the surface
recombinations23 resulting in a smaller Nδb and a larger Tδ. Anyway, we are here only
interested in the slope of the curve, which is proportional to ζa. The ratio ζj/ζa can be
seen as the degree of “disorder” in the CVD doped layer, and is smaller than 0.11 for
all CVD series considered in Tab. 5.4. Such a high degree of disorder (10%) suggests
that the refractive index (RI) of the CVD layer at equilibrium is considerably modified
relative to the crystalline RI of silicon (ñ = 3.59 + i 0.0067 at 980 nm). This is indeed
confirmed by the dc measurement made with CI (Fig. 5.40). By fitting the complex
RI (ñ) in the layer24, changes in both the real (n) and imaginary (k) parts can be
estimated. Note that the optimized value of k suffers from a large indetermination since
k � n. Nevertheless, an increase in k is always observed. Changes with respect to the
crystalline value as large as ∆n = −0.23 (-6.5%) and ∆k = +0.039 (+586%), respectively
for the real and imaginary parts, are obtained (Tab. 5.5). In the case of sample CVD3
A, such a large ∆n (=-0.23) cannot be explained by a Drude effect only, since for a
free carrier concentration of N = 1.02 × 1020 /cm3, the Drude induced variation is
∆n = βhN = −0.032 (Sec. 3.3.2), thus one order of magnitude smaller. For samples
CVD1 A and CVD2 C (N < 9× 1019 /cm3 and N < 7× 1019 resp.), ∆n = −0.041 and
∆n = −0.031 respectively, i.e. about 1.5 times larger than the Drude induced variation
(∆n = −0.028 and ∆n = −0.022 respectively). As for the variation in imaginary part
of the RI, it cannot be attributed to the Drude effect, which is always negligible at the
considered wavelength (∆k < 1 × 10−3 at the highest carrier concentrations). In all
cases, the variation in both the real and imaginary parts of the RI of the layer is larger
than the Drude induced variation, thus confirming the existence of an extra contribution
to the RI in the boron doped CVD layer.

5.3.2.2 Impact of the lateral profile on the signal

Another effect that has been neglected so far, is the lateral dependence of the excess
carrier profile in the calculation of the CI signal (Sec. 3.2.5). When taken into account,

23Note that the amorphous layers obtained here by ion implantation are very different from
the hydrogenated amorphous silicon a-Si:H (grown at low temperature, typically 200o C) used
in heterojunction silicon solar cells[148]. The latter results in a decrease in the a:Si/c-Si interface
recombination velocity.

24Since the refractive index variation is not a small perturbation of the matrix refractive index
anymore (|∆ñ| ' |ñ| ), a first order formula cannot be used. The chain-matrix formulation
presented in Sec. 3.2.3 has to be used.
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Figure 5.39: Data for As and BF2 from Ref. [216] and for Ge from Ref. [30]. The pump power is

43.2 mW (75% of the maximum).
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Figure 5.40: (Color). DC reflectance (R) as a function of SIMS junction depth. The curves

are fittings of a single-layer complex refractive index using the chain-matrix formulation. The fitting

parameters are indicated in Tab. 5.5.
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5.3. Nonuniform doping

Id Nact
dop (/cm3) n (∆n) k (∆k)

CVD5 A (p+n) + 3.68× 1018 (FPP) 3.5883 (-0.002) 0.0075 (+12%)

CVD2 C (p+p) ♦ 1.0× 1019-3.0× 1019 (SRP) 3.5590 (-0.031) 0.0163 (+143%)

CVD1 A (p+p) × 6.7× 1018-8.5× 1019 (SRP) 3.5490 (-0.041) 0.0084 (+25%)

CVD3 A (p+n) � 1.02× 1020 (FPP) 3.3615 (-0.229) 0.0460 (+586%)

Table 5.5: Fitting parameters used in Fig. 5.40. The values in brackets indicate the refractive
index difference with respect to the refractive index of the pure silicon matrix at λ = 980 nm (ñ =
3.59 + 0.0067i).

the differential reflectance reads (Eq. 3.72)

−∆R/R =
4

n2
Si − 1

"
|β|CF(L0)

 
Nδb

»
1 +

CF (Lb)− CF (L0)

CF (L0)
cos(4πnSiXj/λ)

–

+NδXj (cos(4πnSiXj/λ)− 1)

!
− |δ| (Tδ + ζjXj)

#
(5.23)

where Lb is the excess carrier lateral carrier diffusion length25 in the substrate and
essentially depends on the injection level, and L0 is the lateral diffusion length in the
doped layer and depends both on the active doping concentration and on Lb. A typical
value for Lb at high injection (1018 /cm3) is 10 µm so that CF (Lb) = 0.92 (Eq. 3.71).
As for L0, it depends on Lb and on the doping concentration of the layer through a
simple relation that will be derived in the next chapter (Eq. 6.20 and 6.25). Practically
L0 → Lb at low doping concentration (smaller than the injection level) and L0 → Lb/2
[CF (Lb/2) = 0.87] at high doping concentration. From Eq. 5.23 it appears clearly that
the modification of ∆R/R due to the lateral decay length depends on Xj , especially
at high concentrations [CF (Lb) 6= CF (L0)]. The minimum of the cosine is however
not influenced by the lateral integration (sum of cosines with the same phase). Only
the cosine amplitude and a vertical shift can be affected. Since there are too many
parameters to optimize, we have fixed the ratio of the carrier and temperature substrate
levels using the values obtained in the substrate simulation, ie. Nδ = 3.07× 1018 /cm3

and Tδ = 2.39 K (Fig. 5.24). We optimize NδXj and ζj and a global gain factor26 (G)
(Fig. 5.41). The optimization provides G = 0.20 ± 2% (instead of the 0.25 previously
assumed) for all three series, which is good news since the gain factor must be sample
independent, and the optimized NδXj and ζj are given in Tab. 5.6. The optimized
value of ζj are not much different from those in Tab. 5.4, while the optimized NδXj are
substantially reduced.

In summary, the preliminary analysis of the data made in this section, has provided
the following important information, without requiring numerical simulations:

� The bulk level Nδb is independent of the layer doping concentration, except at low
doping concentrations (< 1 × 1019 /cm3), where surface recombinations strongly
influence the substrate level.

25There is no correction factor for the temperature since the thermal diffusion length is much
larger than the radius of the laser.

26Since Nδ/Tδ is fixed, it is necessary to free the global gain factor in order to fit the data.
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Figure 5.41: (Color). CI signal as a function of SIMS junction depth. The curves are fittings

of Eq. 5.23. The pump power is 43.2 mW (75 % of the maximum). Note that the gain factor applied

to the experimental data is G = 0.20 (instead of G=0.25 previously assumed).

Id Nact
dop /cm3 NδXj

(/cm3) ζj (K/nm)

CVD2 C (p+p) ♦ 1.0× 1019-3.0× 1019 (SRP) 0.453× 1018 5.341× 10−2

CVD1 A (p+p) × 7.6× 1018-8.5× 1019 (SRP) 0.913× 1018 5.971× 10−2

CVD3 A (p+n) � 1.02× 1020 (FPP) 1.139× 1018 4.920× 10−2

Table 5.6: Fitting parameters used in Fig 5.41 including the temperature dependence as a function
of the layer thickness and the lateral integration effect. G=0.20. It is assumed that Nδb = 3.07× 1018

(/cm3), Tδ = 2.39 K, Lb = 15.28 µm [CF(Lb)=0.92], L0 = 9.1 µm [CF(L0)=0.87], βe = −4.615 ×
10−22 cm3 and βh = −3.108× 10−22 cm3, δT = dn/dT = 2.59× 10−4 /K and nSi = 3.59.

� The junction level NδXj is always positive and increases monotonically with the

active doping concentration.

� An extra temperature contribution, proportional to the layer thickness, is neces-
sary to explain the shift in the minimum of the cosine.

� The lateral integration has a non-negligible impact on the signal calculation.

In the following, numerical simulations are carried out in order to understand the
processes, which, from a material point of view, influence the signal.

5.3.3 General information about the simulations

A first important aspect of the simulations concerns the mesh. We have seen in Sec.
5.2.2, that the characteristic diffusion length in the substrate was 80 µm on a lowly doped
substrate (1015 /cm3). This length is to be compared to the laser beam radii (1.5 and
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5.3. Nonuniform doping

2.2 µm) and to the junction depth, which ranges from 100 nm down to 5 nm. The ratio
of the largest and the smallest characteristic lengths is therefore 1.6×104, which renders
domain meshing non-obvious. The very different scales of the mesh size below the laser
beam and far away from it are shown in Fig. 5.42a. Around the junction, the elements
are highly anisotropic (aspect ratio of 100 or even more) due to the difference in vertical
(less than 1 nm) and lateral dimensions (100 nm or more). It is very important for the
meshing triangles to be non-obtuse. We have observed that obtuse triangles cause the
solution to be completely wrong (very low surface excess carrier concentration)27. In
order to have a correct solution, the triangles around the junction must be forced to be
right angled (Fig. 5.42b).

Figure 5.42: Typical mesh for simulating box-shaped profiles. Left: electron concentration of a 50

nm deep p+n junction doped at 6× 1019 /cm3 on a 1015 /cm3 substrate. The domain size is 300x300

µm. Right: zoom around the 50 nm deep junction.

The second important aspect to be considered is the length of the depletion region
of the p-n junction (or space charge region). At equilibrium, this depletion length is
typically 1 µm for a highly doped layer (> 1016 /cm3) on a lowly doped substrate (1015

/cm3). For a p+p “junction”, there is no depletion region but a small space charge region
(< 200 nm). When the sample is illuminated, the excess carrier level increases and the
depletion region progressively disappears (Fig. 5.43). Considering the probe laser used
in CI (λ = 980 nm), the depletion region in the lowly doped substrate completely
vanishes at pump irradiance > 105 W/cm2, independently of the structure type (p+n
or p+p) (Fig. 5.43). A very thin space-charge region (a few nanometers wide) remains
however around the metallurgical region28. At low probe power (< 104 W/cm2), the
excess carrier concentration is different for the p+n and p+p structures but at high

27We observe that a strong dependence of the solution on the scaling factors of the drift-
diffusion equations (App. A.10) is highly indicative of a bad mesh.

28Here, using the terminology ”metallurgical” is a slight abuse. Actually, the space charge
region is rather localized in a region where the active doping concentration and the excess carrier
concentration are roughly the same. In the case of a box-like profile, this region coincides with

183



5. EXPERIMENT VS. THEORY

enough powers (> 104 W/cm2), they are identical. Since the carrier mobilities and
recombination lifetimes in the doped layer and in the substrate slightly depend on the
dopant type, the excess carrier solutions are slightly different. Practically, due to the high
injection level in the substrate (∆N = ∆P � Ndop), the excess carrier concentration in
the substrate is independent from the dopant type (Sec. 5.2.4.1). In the top layer, even
though the injection is not necessarily high (∆N = ∆P � Ndop), we will show (Sec.
5.3.6.3) that the carrier mobilities do not affect the excess concentration much.
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Figure 5.43: Simulation of a p+p (a) and p+n (b) junction with MEDICI. The depletion region

completely vanishes at laser irradiance larger than 104 W/cm2 and the p+n and p+p junctions show

the same excess carrier concentration profiles.

5.3.4 MEDICI vs. FSEM solutions

A comparison of the carrier solutions obtained with FSEM and MEDICI simulators, using
equivalent generation, recombination and mobility models29, is shown in Fig. 5.44.
Unlike for uniform doping (Sec. 5.2.3), the agreement between both simulators is not
as good, although the trends are very similar. For both simulators, when the doping
concentration in the layer is the same as in the substrate, the excess carrier concentration
obtained by both simulators are the same. When the doping concentration in the layer

the metallurgical junction.
29Note that FCA was not included in either simulators since it is not implemented in FSEM.

The inclusion of FCA in MEDICI does not affect the solution significantly
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5.3. Nonuniform doping

increases, the excess carrier concentration in the layer (z < 50 nm) first increases and
then decreases30, but the levels are quite different depending on the simulator. Most
intriguing, the behaviors in the substrate (z > 50 nm) are completely different. In
FSEM the substrate level decreases slightly and monotonically with the layer doping
concentration (Fig. 5.44a and 5.44c) but the differential excess carrier concentration
(Nδ = N' − N−) is essentially independent on the layer doping concentration (Fig.
5.44e). In MEDICI, the substrate excess carrier concentration first increases and then
decreases with the layer doping concentration (inset of Fig. 5.44d). At concentrations
higher than 8 × 1019 /cm3, the excess carrier concentration in the substrate becomes
noisy, although the convergence of the solution was achieved. This noisy behavior makes
us skeptical about the validity of the MEDICI solution. We were not able to determine
what causes the differences between FSEM and MEDICI. Although the models used in
both simulator are the same31, there are at least two noteworthy differences32 in the
simulations. First, the meshes are not the same (though the domain have the same
dimensions and the mesh feature sizes are similar), and second, an ohmic contact is
present at the back of the wafer (z = 600 µm) with MEDICI33, unlike with FSEM. All
simulations in this thesis, unless mentioned otherwise, are carried out with FSEM.

5.3.5 General behavior of the solution

We now investigate the behavior of the simulated depth profiles (excess carrier concen-
tration, electrostatic potential, electric field, quasi-Fermi level and temperature) as a
function of the layer doping concentration and junction depth. In order to do so, the
doping profiles resulting from CVD are approximated by complementary error functions
(erfc) (Fig. 5.45)

Ndop(z) = (Ndop(0)−Ndop(∞)) erfc((z −Xj)/Lc)/2 +Ndop(∞) (5.24)

where Ndop(0) is the surface doping concentration and Ndop(∞) is the substrate dop-
ing concentration. Lc is the junction characteristic decay length. The erfc profiles are
intentionally steeper than the SIMS profiles, since the latter have the tendency to un-
derestimate the steepness. Furthermore, the definition of Xj in Eq. 7.5 is not exactly
the same as the one used in SIMS profiles (depth where doping level is equal to 1018

/cm3) and results in slightly deeper profiles with increasing doping concentration (Fig.
5.45, see the three curves at Xj = 40 nm).

Klaassen’s mobilities, Schenk’s (depletion) BGN, Auger and SRH recombinations are
used in the simulations throughout this section and the probe power is always 57 mW.
Figure 5.46 shows the band diagram of a p+n junction at high injection for different
layer doping concentrations. We first observe that the quasi-Fermi levels remain flat
from the surface through the junction down to one diffusion length ('10µm) deep in

30We will see later (Sec. 5.3.6.1) that this behavior is due to Slotboom’s BGN and almost
disappear with Schenk’s BGN model.

31As best as can be understood from the MEDICI manual.
32The simulators also differ by the method used for solving the equations. In FSEM, the DDE

are solved for Slotboom variables using the finite element method. In MEDICI, the DDE are
solved for the quasi-Fermi levels using the finite volume method.

33In MEDICI, an electric contact is mandatory
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Figure 5.44: (Color). FSEM-MEDICI comparision of excess carrier profiles on a p+n junction

(Xj=50nm) as explained in the text.
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Figure 5.45: SIMS (plain line) vs. erfc (dashed lines) profiles with Ndop(0) = 5 × 1019, 7 × 1019

and 2× 1020 cm−3, Ndop(∞) = 1015 cm−3, Lc = 1.5 nm and Xj = 30, 40 and 50 nm (Eq. 7.5).
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5.3. Nonuniform doping

the substrate, at least for doping concentrations smaller than 1020 /cm3. This property
is called “Flat Quasi Fermi Levels” (FQL) and is well documented in the literature
[60, 62, 61, 89, 90, 112, 142]. We also observe that the “bulk” (Xj < z � 1/α) excess
carrier concentration remains independent of the doping concentration in the layer. We
have called this property “Doping Layer Invariant Bulk Level” (LIBL). The FQL and
LIBL properties are fundamental since they allow the decoupling of the problem into
two sub-problems, one for the diffusion and recombinations in the substrate, and one
for the electrostatics across the p+n junction. These two properties are used in the next
chapter (Chap. 6) where approximated solutions are developed.
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Figure 5.46: Band diagram at high injection. Conduction and valence band, and quasi-Fermi

energies as a function of depth at r=0. The quasi-Fermi levels remain flat and their positions in the

substrate are independent of the doping concentration in the layer.

Figure 5.47 shows the differential excess electron and hole concentration profiles for
different layer doping concentrations and at different radial positions (r) from the laser
spot. We observe that the width of the space-charge region, which is due to the presence
of the junction, is less than 5 nm just under the laser spot (r = 0) and progressively
increases in the substrate as, r increases. This is due to the decreasing injection level of
the substrate as r increases. At all doping concentrations, the excess electron and hole
concentrations are nearly equal everywhere on the profile when r = 0. At larger r, the
hole concentration in the layer decreases with respect to the electron concentration.

Figure 5.48a shows the total electron and hole concentrations at the surface (z=0),
just under the laser spot (r=0), when only the probe is illuminating the sample (N−,
P−) and when both the probe and the pump are illuminating the sample (N', P'). The
differential excess electron (Nδ = N'−N−) and hole (Pδ = P'−P−) concentrations (Fig.
5.48b) are equal up to a doping concentration of 1020 /cm3. At higher concentrations, the

187



5. EXPERIMENT VS. THEORY

0 0 010 10 1020 20 2030 30 3040 40 4050 50 5060 60 6070 70 7080 80 8090 90 90100 100 100

17
10

18
10

19
10

16
10

17
10

18
10

19
10

15
10

16
10

17
10

18
10

19
10

Figure 5.47: Differential excess electron (plain line, Nδ) and hole (dashed line, Pδ) concentrations

as a function of depth at three radial positions (r=0, 10 and 30 µm) and for three acceptor concen-

trations in the layer [(a) 1× 1019, (b) 5× 1019 and (c) 1× 1020 /cm3]. The pump power is 57.0 mW

in all cases.

hole concentration is slightly higher than the electron concentration but this is probably
an artifact of taking the difference between two large numbers (majority carriers). The
convergence criterion should simply be strengthened in order to resolve the excess carriers
at such high doping concentrations. In Fig. 5.48c, we calculatedNδXj , which can directly

be compared to the NδXj values previously obtained by fitting the first order reflectance

formulas (Tabs. 5.3, 5.4 and 5.6). The simulations tend to systematically underestimate
NδXj for Ndop < 1 × 1019 /cm3 (NδXj is even negative!) and to overestimate it for

Ndop > 1 × 1019 /cm3. Another way to visualize this is shown in Fig. 5.49, where
we have calculated the CI signal34 from the simulated excess carrier and temperature
profiles35. The negative NδXj for Ndop < 1 × 1019 /cm3 induces here an inverse cosine

(signal increases with Xj). The overestimation of NδXj for Ndop > 1×1019 /cm3 makes

the signal too negative. We will see in Sec. 5.3.6.1 that NδXj is strongly influenced by the

BGN modeling. It will be shown that the negative NδXj obtained for Ndop < 1019 /cm3

is due to an artifact of Schenk’s (depletion) BGN model, which overestimates BGN at
low doping concentrations (Fig. 5.55d). The overestimation of NδXj for Ndop > 1×1019

/cm3 is most probably due to an underestimation of Schenk’s BGN at high doping
concentrations as observed in Fig. 10 of Schenk’s article [176].

Figure 5.50 shows the potential and electric field profiles at high injection. The
junction potential is reduced to 0.14 V for a doping concentration of 1× 1020 /cm3 and
to less than 0.10 V for a doping concentration of 5×1019 /cm3. The differential junction
potential (φδ) is of the order of the thermal voltage (Vth = 0.0259 V). We will see that
the very small values of the potential makes the solution very sensitive to the band gap
narrowing which is of the same order of magnitude (i.e. 0.03 V to 0.14 V when the

34Schumann’s and Jellison’s models, respectively for the carrier (Sec. 3.3.3) and temperature
contributions (Sec. 3.3.1), are assumed.

35Assuming Klaassen’s mobilities and Schenk’s depletion BGN model
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Figure 5.48: (Color). (a) Probe only and probe-plus-pump electron (N−, N') and hole (P−, P')

concentrations and (b) differential excess electron (Nδ = N' − N−) and hole (Pδ = P' − P−)

concentrations in the layer as a function of the doping concentration. (c) Simulated and experimentally

fitted NδXj
= Nδb −Nδ where Nδb is the value of Nδ at 1015 /cm3 doping concentration. Note that

NδXj
and PδXj

can hardly be distinguished. Schenk’s (depletion) model is assumed. The pump

power is 43.2 mW.
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doping concentration increases, Fig. 4.13).
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Figure 5.50: Potential (φ) and electric field (E) at high injection for two layer doping concentrations

[5× 1019 (a,b) and 1× 1020 (c,d)]. Probe and pump powers are both 57.0 mW.

Figure 5.51 shows the variation in the real and imaginary parts of the temperature.
Those variations are induced by the variation in generation and recombination rates
as a function of the doping concentration in the layer. The temperature increases (in
modulus) up to a doping concentration of 3× 1019 /cm3 due to BGN (hot-carrier con-
tribution increases). At higher doping concentrations, the temperature decreases due
to a decrease in recombination rate. This might seem surprising at first sight since the
lifetime decreases with the doping concentration which should cause the recombination
rate to increase. Actually, the excess carrier concentration decreases36 proportionally
more than the lifetime resulting in a decrease in the recombination rate. The maximum
variation in temperature as a function of the layer doping concentration is less than 2%
and the variation as a function of the junction depth is about 0.002 K/nm, thus 25 times
smaller than what is needed to explain the shift in the minimum of the cosine of Fig.
5.38. The addition of a “disorder” contribution in Eq. 5.21 was thus indeed necessary
to fit the data.

Figures 5.52 5.53 and 5.54 show simulated power curves and their derivatives, for
layer doping concentrations in the range of, respectively, [1× 1018 - 1× 1019], [2× 1019

36The excess carrier in the layer decreases with doping concentration due to the electrostatic
effect induced by the p+n junction and not due a decrease in recombination lifetimes. In a
uniformly doped substrate, however, the excess carrier concentration decreases with doping
concentration due to an increase of the recombination rate.
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Figure 5.51: Temperature as a function of the layer doping concentration and depth. Xj = 30

nm (plain line) and Xj = 50 nm (dashed line). The variation in the real and imaginary parts of the

temperature is less than 2%. The pump modulation frequency is 2 kHz.

- 4× 1019] and [7× 1019- 3× 1020] /cm3. The experimental power curves already shown
in Fig. 5.34, are repeated at the bottom of each figure for ease of comparison. The
derivatives of the power curves with respect to the pump power enhance the features
and therefore facilitate the comparison of simulations and experiments. The simulated
power curves at Ndop = 1× 1019 /cm3 and Ndop = 2× 1019 /cm3 (Fig. 5.52c and 5.53a
respectively), show a good qualitative agreement with the experiments corresponding to
Ndop = 3.7 × 1018 /cm3 (CVD5 A) and 1 × 1019 < Ndop < 3 × 1019 /cm3 (CVD2 C)
respectively. In particular the inflection point (the second derivative vanishes) observed
in the experiment (Fig. 5.52c and 5.52d) and the sign change of the first derivative (Fig.
5.53a and 5.53d) are correctly predicted by the simulations. The simulation however
overestimates the doping concentration for Ndop < 1019 /cm3 and underestimates it at
higher doping concentration. This is actually the same phenomenon as already observed
in Fig. 5.48c and is linked to an artifact of the BGN model (Sec. 5.3.6.1). At higher
doping concentrations (Ndop > 7× 1019 /cm3), the signal sensitivity with respect to the
doping concentration is strongly reduced (Fig. 5.54) due to the limited injection level.

5.3.6 Analysis of the models

In this section, the impact of the band gap narrowing model (Sec. 5.3.6.1), of the surface
recombinations (Sec. 5.3.6.2) and of the mobility in the layer (Sec. 5.3.6.3) are assessed.

5.3.6.1 Injection dependent BGN

In a non-homogeneously doped semiconductor, the band gap varies spatially even in the
absence of excess carriers and plays an important role in the carrier transport between
doped and undoped regions, especially at high optical injection, where the potential
difference across the junction is reduced to less than 0.14 eV at the highest doping
concentration (Fig. 5.46 and 5.50) and is thus commensurate with the BGN (0.1 eV)
(Fig. 4.13). The BGN modeling is therefore of the utmost importance for making
accurate simulations.

The impact of the band gap model on the differential excess carrier distribution, i.e.
Nδ = N' − N−, considering a box-like doping profile of junction depth37 Xj = 50 nm

37A variation in the junction depth in the range 5 to 100 nm, does not change the excess
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Figure 5.52: Simulated (a-c) and experimental (d) power curves (left) and their derivatives with

respect to power (right) of boxlike profiles. For the simulations, three doping concentrations (1×1018,

5 × 1018 and 1 × 1019 /cm3) and four junction depths (5, 30, 40, 60 nm) are considered. Schenk’s

(depletion) model is assumed. The experimental curves (d) correspond to sample series CVD5 A.
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Figure 5.53: Simulated (a-c) and experimental (d) power curves (left) and their derivatives with

respect to power (right) of boxlike profiles. For the simulations, three doping concentrations (2×1019,

3 × 1019 and 4 × 1019 /cm3) and four junction depths (25, 35, 55, 65 nm) are considered. Schenk’s

(depletion) model is assumed. The experimental curves (d) correspond to sample series CVD2 C.
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Figure 5.54: Simulated (a-c) and experimental (d) power curves (left) and their derivatives with

respect to power (right) of boxlike profiles. For the simulations, three doping concentrations (7×1019,

1 × 1020 and 3 × 1020 /cm3) and four junction depths (25, 35, 55, 65 nm) are considered. Schenk’s

(depletion) model is assumed. The experimental curves (d) correspond to sample series CVD3 A.
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and doping concentration in the range 1 × 1015-3 × 1020 /cm3 is shown in Fig. 5.55.
When no band gap narrowing is assumed (Fig. 5.55a), the excess carrier concentration
in the doped area is always smaller than in the substrate (i.e. NδXj > 0). When

Slotboom’s model is assumed (Fig. 5.55b), the excess concentration in the doped area
strongly increases for doping concentrations in the range 1017 − 3 × 1019 /cm3, due to
the carrier flow toward the doped area caused by the energy band bending, resulting in
NδXj < 0 (Fig 5.23a). When Schenk’s model is assumed (Fig. 5.55c), BGN affects both

the substrate (by excess carrier) and the doped layer (by excess carrier and doping)
so that the BGN difference across the metallurgical junction is reduced. The excess
carrier concentration in the doped layer is subsequently reduced relative to Slotboom’s
model. It is important to mention, that, since the modified Schenk model (in order
to deal with depletion regions) is assumed (Sec. 4.1.7), the BGN is overestimated for
doping concentrations in the range 1016 — 2 × 1019 /cm3 (Fig. 5.25a), which leads to
an overestimation of the excess carrier density.

We recall that with FSEM, only Schenk’s model modified for dealing with depletion
regions (depletion model), can be used (see discussion in Sec. 4.1.7). However, using
FQL and FIBL approximations and solving the Poisson equation just under the laser
(where the injection is high enough), the problem of depletion regions is inexistent (at
least for doping concentration < 3× 1020 /cm3), so that the original Schenk model can
be used38. The comparison between the original and the depletion Schenk BGN model
is shown in Fig. 5.55d. With the original model, the carrier concentration in the layer is
always smaller than in the substrate (i.e. NδXj > 0), as also observed in the experiments.

The negative NδXj obtained with the depletion model (Fig. 5.48 and 5.49) is thus an

artifact of BGN overestimation.

In summary, the huge sensitivity of the solution on the BGN is a crucial
problem. The spreading of the experimental BGN data (' 20%) published in Schenk’s
article[176] is too large to fit the model precisely. Nevertheless, it is observed in Fig. 10
of Schenk’s article (Ref. [176]), that the modelled BGN is overestimated at low doping
concentrations (< 1019 /cm3) and underestimated at high doping concentrations (> 1019

/cm3).

Furthermore, the variability of the BGN due to processing specifications (stress,
dopant type, contaminant?) makes it difficult to derive a universal BGN model as a
function of the doping and free carrier concentration. This is a strong practical (physi-
cal?) limitation which can disqualify high injection PMOR techniques for USJ charac-
terization, except if the band gap (profile) can be determined independently with enough
accuracy.

5.3.6.2 Surface Recombinations

We have seen that the surface recombination rate strongly reduces the surface excess
carrier concentration especially on lowly doped substrates (Fig. 5.19). The impact of
surface recombinations is also expected to be important on p+n junctions, especially for
the lowliest doped or less active layers. We observe that the surface recombinations actu-

carrier level significantly (� 1%).
38This solving approach is explained in details in the next chapter (Sec. 6.2)
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Figure 5.55: Comparison of different band gap narrowing models: (a) none, (b) Slotboom and

(c) Schenk (depletion). The differential excess carrier concentration (∆Nδ) is plotted as a function

of depth and corresponds to a box-like active doping profile of junction depth Xj = 50 nm. (d)

Comparison of original (long dashed lines) and depletion (short dashed lines) Schenk BGN models

for three acceptor concentrations (plain lines). FQL and LIBL (substrate level is imposed at ∆Nb =

4.4× 1018 /cm3) approximations are assumed. Note that the doping profiles in Fig. (d) are less steep

than in Figs. (a-c).

ally decrease the substrate level but maintain the quasi-Fermi levels flat (Fig. 5.56a). At
high doping concentrations (> 5×1019 /cm3), the substrate level is close to the reference
value [lowly doped (< 1018 /cm3) homogeneous substrate with surface recombination
velocities sn = sp = 0], while at low doping concentrations (< 5 × 1019 /cm3), it has
been lowered by about 20% relative to the reference value (Fig. 5.56b). The reduced
impact of the SRV for highly doped p+-n junctions stems from the reduced quantity of
excess carriers available in the p+ layer (junction-field induced passivation). It should
be kept in mind, however, that sn and sp generally increase with doping concentration
through the increasing electron and hole cross sections (σn and σp) or interfacial density
of state (Nit). The impact of the SRV on ∆R/R as a function of the junction depth is
shown in Fig. 5.57. It clearly demonstrates that lowly doped layers (Ndop < 1 × 1019

/cm3) are much more affected by the SRV than highly doped layers.

In summary, the dependence of the substrate level on the surface recombination rate
is only effective for the lowliest doped samples only (< 1× 1019 /cm3). State of the art
and future ultra shallow junctions feature doping concentrations higher than 5 × 1019

/cm3 so that the impact of surface recombinations is less dramatic. Deposition of corona

196



5.3. Nonuniform doping

charges on the sample could be considered in order to decrease the SRV and improve
the measurement accuracy (by facilitating the modeling).
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nation. The substrate electron quasi-Fermi level is lowered with increasing SRV but remains flat. (b)
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in Tab. A.8. Note that when Xj → 0, all curves should converge to the same substrate level. This is

not represented on the plot as it only happen on an atomic distance scale.

5.3.6.3 Layer mobility

We have seen that the quasi-Fermi levels were imposed by the illuminated substrate and
that the electron and hole concentrations in the layer therefore mainly depend on the
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electrostatics of the p+n junction (Sec. 5.3.5). It is thus expected that the transport in
the doped layer has a very limited effect on the electron and hole concentrations in the
layer. The following numerical experiment demonstrate this. We proceed in the same
way as in Sec. 5.2.4.3 for uniformly doped substrate. We define an additional mobility
(µadd) accounting for any scattering effect not included in Klaassen’s model (µK), so
that the resulting mobility (µ) reads, following Matthiessen rule [201],

µ = (1/µK + 1/µadd)−1 (5.25)

When the additional mobility tends to infinity, the total mobility µ reduces to Klaassen’s
mobility. We observe that the differential excess carrier concentration in the layer (Nδ) is
essentially independent of the additional mobility (Fig. 5.58). However, at high doping
concentrations (> 1020 /cm3), the mobility has an impact, though limited, on the excess
carrier level. This is consistent with the results of Fig. 5.46, where it is shown that
at high doping concentrations, the quasi-Fermi levels are not entirely controlled by the
substrate anymore.
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Figure 5.58: Surface differential excess concentration as a function of the additionnal mobility

(µadd) for various layer doping concentrations (the numbers near the curves indicate the doping

concentrations in /cm3). When µadd → ∞, the total mobilities (µe,h) are equal to the Klaassen’s

mobilities (µK
e,h).
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5.4. Conclusion

5.4 Conclusion

In this chapter, noteworthy behaviors of the carrier dynamics and important issues have
been pointed out, and are summarized hereafter.

We have shown that the injection level of the substrate (i.e. the excess carrier
concentration), does not depend on the doping concentration in the layer [Layer Invariant
Bulk Level (LIBL)], and that the quasi-Fermi levels remain flat through the doping
profile [Flat quasi-Fermi Levels (FQL)]. In other words, this means that the injection
level in the substrate only depends on the carrier diffusion and recombination processes
in the substrate (and not in the layer), and that the injection level in the layer is mainly
controlled by the electrostatics across the junction.

Let us now successively highlight the important issues for modeling the injection
levels, first, in the substrate and, second, in the layer.

1. The injection level in the substrate depends on the following processes:

� Volume recombination lifetimes. The dominant recombination process
at high injection is Auger, which is essentially an intrinsic process (carrier
lifetime does not depend on recombination centers in good approximation)
and can thus be modeled with good accuracy. However, if the substrate con-
tains a high density of defects (resulting from a particular doping implanta-
tion technology), the recombination lifetime is strongly affected (SRH). In
the case of CVD doped samples, the substrate remains crystalline, so that
SRH recombinations are negligible with respect to Auger.

� Surface recombinations and temporal behavior (charging effect).
Surface recombination velocities (SRV) larger than 1000 cm/s can affect the
substrate injection level significantly. Since the SRV is strongly dependent
on processing and storage conditions, it cannot be predicted with accuracy.
Furthermore, the effective recombination velocity evolves with time due to
surface charging during illumination.

� Carrier mobilities. A degradation in carrier mobilities affects the substrate
injection level. Such a degradation may originate from a high density of
defects resulting from a particular doping implantation technology. However,
in the case of CVD doped samples, the substrate remains crystalline, so that
Klaassen’s mobility model should be accurate enough.

� Band gap narrowing. The band gap narrowing affects the injection level of
the substrate by modifying the absorption coefficient and by inducing quasi-
electric fields. Schenk’s model is the best model available so far, but we
believe that it overestimate the BGN at low doping concentrations (< 1019

/cm3) and underestimate it at higher doping concentrations.

2. The injection level in the layer is not significantly affected by volume recombina-
tion lifetimes and carrier mobilities in the layer, and only depends on the following
processes:

� Injection level in the substrate. As previoulsy explained, the injection
level in the substrate itself depends on surface and volume recombination
lifetimes, mobilities and band gap narrowing,
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� Band gap narrowing. The modeling of the BGN is a crucial issue for
simulating both uniformly and nonuniformly doped substrates, but the issue
is the most critical on nonuniformly doped substrates, especially at high
injection where the junction potential is strongly reduced. Practically, the
differential reflectance can vary by up to a factor two depending on the
assumed BGN model. In principle, the BGN model could be enhanced in
order to fit experiments and simulations as close as possible. Nevertheless,
it should be kept in mind that the band gap is actually an effective quantity
that also includes lattice disorder effects. Since the degree of disorder of the
doped layer is a priori unknown, it is difficult to correctly predict the BGN
as a function of only doping concentration and injection level.

In conclusion, since the injection level in the layer depends on the injection level in the
substrate, which itself depends on too many a priori unknown sample properties (bulk
and surface recombination lifetimes, mobility, BGN), we believe that an independent
measurement is highly desirable to determine the substrate injection level as a function
of the pump power. A possible way to determine the substrate injection level is to
measure the sample differential reflectance with an optical wavelength λ � 4πnXj
(e.g few microns), since according to Eq. 3.102, only the substrate injection level is
probed at large enough optical wavelengths. This methodology can however only be
applied if no structure is present under the USJ (e.g. SOI or SiGe buffer). Since the
actual setup of the Carrier Illumination (CI) tool does not allow us to determine the
substrate level independently, assumptions have to be made on the sample properties
(bulk and surface recombination lifetimes, mobility model, BGN model) if one wants
to deconvolve the active doping profile of the layer. In the following chapters, dealing
with approximated solutions and the inverse problem, it will always be assumed that
SRH lifetimes correspond to good quality substrates (i.e. SRH process is negligible with
respect to Auger process since high injection prevails), that surface recombinations have
a negligible impact (which is acceptable if the injection level in the layer is low enough),
that carrier mobilities are modeled by Klaassen’s model (which is valid since no structure
is present underneath the USJ), and that bandgap narrowing is modeled by Schenk’s
model (which is the best model available so far).

We have also seen that high substrate injection levels, hence high illumination pow-
ers, are required in order to resolve highly doped layers. However, high illumination
powers cause the sample to melt if a continuous wave illumination is used. This practi-
cally means that short pulsed beams39 should be used in order to keep the temperature
to an acceptable level. In the actual CI setup, the injection level is limited to about
5×1018 /cm3, meaning that active doping concentrations above 5×1019 /cm3 can hardly
be resolved.

39This implies that carrier dynamics must be studied in the time domain.
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Chapter 6

Approximated Solutions

Finding approximated solutions is highly desirable for solving the inverse problem (which
is the object of the next chapter), and this for several reasons. It helps the easy un-
derstanding of the shape of the power curve and suggests algorithms for solving the
inverse problem. Further, since the inverse problem will be solved by iterating many
times on solutions of the direct problem, a method to calculate power curves accurately
and quickly is not superfluous.

In Sec. 6.1, we first derive an analytical expression of the excess carrier concentration
assuming nonlinear recombination processes (SRH and Auger) but neglecting drift and
diffusion currents (zero dimensional).

In Sec. 6.2, we present an analytical solution of the excess carrier concentration
in the doped layer assuming Flat Quasi Fermi Level (FQL) and Layer Invariant Bulk
Levels (LIBL) approximations with known substrate injection level, and we compare it
with the fully coupled FEM solution.
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6. APPROXIMATED SOLUTIONS

6.1 Nonlinear currentless approximation

The modeling of the excess carrier distribution in a nonuniformly doped semiconductor
under laser light illumination has been described in Sec. 4.1 based on the drift-diffusion
equations (DDE). Since low to high injection regimes have to be considered, both the
SRH (low injection) and the Auger (high injection) recombination processes have to
be taken into account. Finding an analytical solution to the DDE system from low to
high injections, leading to electrical potential variations much larger than the thermal
voltage, is hopeless, unless strong assumptions can be made on the currents.

In the lateral direction, the current is mainly diffusive and can only be neglected if
the laser beam radius is much larger than the carrier diffusion length1 (Fig. 6.1). The
radii of the laser beams used in CI are about 2.0 µm (1.5 and 2.2 µm for the probe and
pump lasers respectively) and are to be compared with the carrier diffusion length which
varies from about 1 mm down to less than 15 nm for respectively low (1015 /cm3) and
high doping concentrations (1021 /cm3). In the vertical direction, if we suppose that the
absorption length (1/α) is much larger than both the junction depth and the diffusion
length, which is roughly valid at optical wavelengths larger than 800 nm (1/α > 20
µm), a (vertical) current will only exist around the metallurgical junction. Since the
depletion region of the p-n junction vanishes due to the large amount of free carriers
available (Sec. 5.3), the electric field is non zero only a few nanometers around the
metallurgical junctions, so that the currents must be limited in space. Even though, it
would be erroneous to completely neglect the drift and the diffusion currents across the
junction. Actually, only the net current (drift + diffusion) across the junction vanishes
(flat quasi Fermi level, see next section) but the drift and the diffusion currents of each
carrier type do not vanish independently. Nevertheless, a few diffusion lengths away
from the junction, both the drift and the diffusion currents should be negligible (Fig.
6.1). Practically, the carrier diffusion length is always too large (5 µm at 1019 /cm3, 700
nm at 1020 /cm3 and 15 nm at 1021 /cm3, Fig. 4.17) as compared to the junction depth
(< 50 nm), so that neglecting the currents is a very crude approximation, which is only
approximatively valid in the very high doping concentration limit.

However, when the drift and the diffusion currents are neglected, the DDE system
reduces to a nonlinear algebraic equation which has to be solved in the top (doped layer)
and bottom (substrate) regions independently

G− +G∼ = Rsrh(Neq + ∆N,Peq + ∆N)

+Raug(Neq + ∆N,Peq + ∆N) (6.1)

where G− and G∼ are the probe and the pump carrier generation rates respectively
and are taken independent of the excess carrier concentration. R(N, P) is the carrier
recombination rate, including Shockley-Read-Hall (SRH) and Auger processes, which are
well known nonlinear functions (Sec. 4.1.5) of the total electron and hole concentrations
N = Neq + ∆N and P = Peq + ∆N respectively (Neq and Peq are the equilibrium

1Note that the diffusion current can only be neglected in the region just under the laser,
which is precisely the region where we are looking for a solution. At the edge of the illuminated
zone, i.e. r = Rlas, the diffusive current cannot be neglected anymore.
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6.1. Nonlinear currentless approximation

Figure 6.1: Left: three dimensional axisymmetric geometry of a p+n (or p+p) junction under

illumination. The two laser beams of radius Rlas and absorption length 1/α fall orthogonally on the

sample surface. The open arrows symbolize the excess carrier diffusion or drift. The long-dashed

line represents an isovalue of the excess carrier generation rate. Right: diffusionless two-layer model.

The laser radius (Rlas), the absorption length (1/α) and the junction depth (Xj) are large compared

to the carrier diffusion length (Ldiff). Here Gtop and Gbot are the generation rates in the top and

bottom layers respectively, P top
eq is the equilibrium hole concentration (p-type layer), Ap and Am are

the hole and ambipolar Auger coefficients respectively, ∆Ntop and ∆Nbot are the excess carriers in

the top and bottom layers respectively, ∆T is the excess temperature at the surface and Ldiff is the

excess carrier diffusion length.

electron and hole concentrations respectively):

Raug(∆N) = An(PN2 −Nn2
ie) (6.2)

+Ap(NP
2 − Pn2

ie) (6.3)

Rsrh(∆N) =
PN − n2

ie

τp(N + nie) + τn(P + nie)
(6.4)

τn =
τ0
n

1 + (Na +Nd)/NSRH
, τp =

τ0
p

1 + (Na +Nd)/PSRH
(6.5)

where τn and τp are doping concentration dependent lifetimes. An = 2.8×10−31 cm6s−1,
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6. APPROXIMATED SOLUTIONS

Ap = 9.9 × 10−32 cm6s−1, τ0
n = 2 × 10−3 s, τ0

p = 2 × 10−4 s, NSRH = PSRH = 5 × 1016

/cm3 are parametrization coefficients. The value of the intrinsic carrier concentration
does not need to be known exactly since the injection level is high enough (N,P � nie).

An analytical solution of the nonlinear Eq. (6.1) can be found by multiplying Eq.
(6.1) with the denominator of RSRH(∆N) (Eq. 6.4) and by arranging the terms in power
of ∆N . A fourth order polynomial, Q4(∆N), is readily obtained

c4 ∆N4 + c3 ∆N3 + c2 ∆N2 + c1(G) ∆N + c0(G) = 0 (6.6)

where the polynomial coefficients c2, c3 and c4 only depend on intrinsic properties of
the doped sample and c0 and c1 also depend on the generation rate.

c4 = Am

c3 = sAm + a1

c2 = a1 s+ a2 + 1/τm

c1(G) = a2 s+ (Peq +Neq)/τm −G
c0(G) = −Gs

with

s = (τpNeq + τn Peq)/τm + nie

Am = An +Ap

τm = τn + τp

a1 = An (Peq + 2Neq) +Ap (2Peq +Neq)

a2 = An (n2
ie +N2

eq) +Ap (n2
ie + P 2

eq)

Note that if the SRH recombination process is ineffective relative to Auger, the fourth
order polynomial reduces to a third order polynomial (Am ∆N3+a1 ∆N2+a2 ∆N−G =
0). The solution of a fourth order polynomial has an analytical form [6] but we do not
write it here because its expression is rather long and does not provide exploitable
information. The solution is best visualized on Fig. 6.2 (medium-long dashed and long-
dashed lines corresponding respectively to low and high generation rates). Note that
special care must be taken during evaluation2.

It is instructive to look at approximate solutions at various conditions. Let us first
consider that the probe is illuminating the p-doped (Peq � Neq) sample at a high
enough irradiance (> 102 W/cm2). By inspection of the polynomial coefficients, it can
be seen that some coefficients become negligible depending on the doping-concentration
range. We will consider two different doping concentration ranges, namely low doping
(Peq < 1017 /cm3) and high doping (Peq > 1019 /cm3) concentrations. At low doping,

2The evaluation of the analytical solution of Eq. (6.6) is not straightforward due to numerical
errors caused by the large range spanned by the polynomial coefficients. An arbitrary precision
software is preferably used.
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6.1. Nonlinear currentless approximation

we are left with the terms of first and fourth orders, and at high doping with the terms
of zero and first orders. The solution now takes a very simple form:

∆NPeq<1017
= (G/Am)1/3 = 1.4× 1010 G1/3 (6.7)

∆NPeq>1019
= G/(Ap P

2
eq) = 1.0× 1031 G/Peq

2

At low doping concentration (< 1017 /cm3), the excess carrier concentration (∆N)
is independent from the doping concentration. There is no dependence on the SRH
coefficients due to the high injection conditions (Auger dominated). At intermediate
doping concentration (1017 < Peq < 1019 /cm3), the SRH process competes with Auger
as a consequence of the decrease in the doping dependent SRH lifetime [see Eq. (6.5)]
and it is therefore difficult to obtain a compact analytical expression. At higher doping
concentration (Peq > 1019 /cm3), the Auger process is again dominant, leading to a
dependence in 1/P 2

eq.
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Figure 6.2: (Color). Excess electron (∆N−) and hole (∆P−) concentrations as a function of

doping concentration (Peq = Na). Exact fourth order polynomial solution (medium-long and long

dashed lines), its limit cases (short-dashed lines) and the three dimensional axisymmetric numerical

solutions obtained with FSEM and MEDICI (colored plain lines). The probe irradiance corresponding

to the long-dashed line is the same as for the numerical solutions (I− = 8.06 × 105W/cm2). The

probe irradiance corresponding to the medium-long dashed line is scaled by 1/400 (I− = 1/400 ×

8.06× 105W/cm2) in order to obtain the same low doping excess carrier concentration level as in the

numerical solution (carrier confinement effect). The pump irradiance I∼ = 0. Slotboom’s BGN model

was assumed.

Due to the no-current approximation, the analytical model overestimates the ex-
cess carrier concentration obtained by three-dimensional axisymmetric simulations by
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6. APPROXIMATED SOLUTIONS

up to one decade (carrier confinement). The three-dimensional axisymmetric excess car-
rier concentration in the substrate (bottom) converges3, as expected, toward the zero
dimension solution at doping concentrations higher than 2 × 1020 /cm3. As for the
three-dimensional axisymmetric excess carrier concentration in the layer (top), it should
also converge toward the zero dimension solution, but we could not manage to converge
(we here mean convergence of the Newton loop) the numerical solution at high enough
doping concentration to confirm it. Nevertheless, we observe that both the electron and
hole curves inflect toward the zero dimension curve4. The fact that the convergence of
the curves toward the zero dimensional solution is slower for the solution in the layer
than for the solution in the substrate, stems from the fact that the layer is too shallow
(50 nm) with respect to the diffusion length in the layer (120 nm at 3× 1020 /cm3). At
lower doping concentrations (Peq < 3 × 1020 /cm3), the solution in the layer is actu-
ally controlled by the electrostatics across the p-n junction with the quasi-Fermi levels
imposed by the substrates, as will be demonstrated in the next section (Sec. 6.2).

Practically we are interested in differential quantities since the probe differential
reflectivity signal (∆R/R) is essentially proportional to ∆Nδ = ∆N'−∆N−. Therefore
Eq. (6.6) has to be solved a second time for ∆Nδ assuming a background excess carrier
concentration ∆N−. The c∗i coefficients corresponding to the first-order polynomial
Q∗4(∆Nδ) = Q4(∆N− + ∆Nδ) become

c∗4 = c4

c∗3 = 4 c4 ∆N− + c3

c∗2 = 6 c4 ∆N2
− + 3 c3 ∆N− + c2

c∗1(G') = 4 c4 ∆N3
− + 3 c3 ∆N2

− + 2 c2 ∆N− + c1(G')

c∗0(G') = c4 ∆N4
− + c3 ∆N3

− + c2 ∆N2
−

+ c1(G') ∆N− + c0(G')

The differential excess carrier concentration (∆Nδ) is therefore a solution of Q∗4 but
if we are only interested in the limit cases (Peq < 1017 /cm3 and Peq > 1019 ), it is
actually easier to take the difference of Eq. (6.7) at two different generation rates. One
immediately obtains, at the lowest and highest doping concentrations:

∆N<1017

δ = ∆N<1017

' −∆N<1017

− =
“
G

1/3
' −G1/3

−

”
/A1/3

m (6.8)

∆N>1019

δ = ∆N>1019

' −∆N>1019

− = G∼/(Ap Peq
2)

One of the techniques we propose in the next chapter (Chap. 7) in order to extract
the junction depth and the surface doping concentration, makes use of the derivative
of the differential reflectance with respect to the pump generation rate. Therefore the
derivative of the differencial excess carrier concentration will also be needed. The latter

3Note that only the FSEM solution converges to the zero dimensional curve as expected. This
is not the case for the MEDICI solution, probably due to a not fine enough mesh.

4We have checked that the 3d axisymmetric solution was indeed converged, even at 3× 1020

/cm3.
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6.1. Nonlinear currentless approximation

is readily obtained by differentiating the fourth order polynomial Q∗4 with respect to G∼

d∆Nδ

dG∼
=

−(
d c∗1
dG∼

∆Nδ +
d c∗0
dG∼

)

4 c∗4 ∆N3
δ + 3 c∗3 ∆N2

δ + 2 c∗2 ∆Nδ + c∗1
(6.9)

Approximations of this expression at low and high doping concentrations are more easily
obtained by differentiating Eq. (6.8) with respect to the pump power:

d∆Nδ

dG∼

<1019

=
G
−2/3
'

3A
1/3
m

(6.10)

d∆Nδ

dG∼

>1020

= 1/(Ap Peq
2)

At low doping concentration (< 1019 /cm3), the derivative is independent from the

doping concentration but depends on the total generation rate in G
−2/3
' . At high doping

concentration (> 1020 /cm3), the derivative is independent from the generation rate but
is inversely proportional to the square of the doping concentration.

In summary, the solutions derived in this section are only valid when the diffusion
length is negligible as compared to the junction depth (Ldiff � Xj), which is not prac-
tically achieved considering the ultra shallow junction depths considered in this work.
However, this section is complementary to the next one, in which we consider the oppo-
site condition domain (Ldiff � Xj).
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6. APPROXIMATED SOLUTIONS

6.2 Flat Quasi Fermi Level (FQL) and Doping
Layer Invariant Bulk Level (LIBL) approxi-
mations

The numerical solutions of a p-n (or p-p) junction under illumination, presented in Sec.
5.3, have shown two interesting properties of the quasi-Fermi levels (FLs). First, the
FLs are flat across the junction, and, second, their positions are essentially independent
of the doping concentration in the layer (Fig. 6.3). Let us investigate these properties
further with the help of Figs. 6.3 and 6.4. The FL of the minority carriers (Efn) in
the layer remains flat, except at very high doping concentration (> 2 × 1020 /cm3),
where it moves closer to the conduction band5 (Fig. 6.3a). As for the majority carriers,
their FL (Efp) remains perfectly flat at all doping concentrations. When the substrate
injection is increased, the jump of Efn across the junction reduces (Fig. 6.3b), i.e. the
minority carrier FL gets flatter. When a surface recombination velocity s = 104 cm/s is
considered, Efn remains essentially flat, but the substrate level is substantially lowered
(Fig. 6.4a). The effect is less pronounced when the layer doping concentration is high
(Fig. 6.4b) due to the low excess carrier concentration in the layer and subsequently the
low surface recombination rate, as already observed in Sec. 5.3.6.2.
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Figure 6.3: Validity domain of flat quasi-Fermi level (FQL) approximation. (a) FQL approxima-

tion remains valid at doping concentrations smaller than 2 × 1020 /cm3. (b) At high layer doping

concentration (3 × 1020 /cm3 ), FQL approximation slightly improves with substrate injection. The

surface recombination velocity is assumed zero.

The FLs have thus two fundamental properties. They are flat and their bulk levels are
independent of the layer doping concentration. This logically leads to two fundamental

5This behavior is linked to what has been observed in the previous section. Indeed, at high
doping concentrations the diffusion length in the layer is of the same order of magnitude as the
junction depth (L = 120 nm at 2 × 1020 /cm3 so that the electrostatics does not control the
solution fully anymore.)
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Figure 6.4: Validity domain of the layer invariant bulk level (LIBL) approximation. The electron

FL (Efn) is lowered when the surface recombination velocity increases (the arrows indicate an increase

in the SRV from 0 to 104 cm/s). The influence of the SRV on Efn is more pronounced at low layer

doping concentration [(a) 1×1019] than at high doping concentration [(b) 5×1019 /cm3], as explained

in the text. Pump power 8.06× 105 W/cm2, probe power 3.75× 105 W/cm2.

approximations, which can greatly simplify the solution of the drift-diffusion equations.
First, the Flat quasi-Fermi Level (FQL) approximation and, second, the Doping
Layer Invariant Bulk Level (LIBL) approximation. The FQL approximation is well
known in the literature and is valid for solving a variety of problems involving a space-
charge region under illumination. We can cite the work of Dhariwal [60, 62, 61] and
Fossum [89, 90] on solar cells, the work of Sheng-Lyang Jang [112] on the validity of the
FQL approximation in Schottky barrier structure, and the work of McIntosh [142] on
the photoconductance of a p-n junction assuming FQL. The LIBL approximation is a
terminology we introduce in this thesis to facilitate the discussion, but the phenomenon
is also well known in literature and is used in back-surface-field (BSF) solar cell to
decrease the effective surface recombination velocity [90].

Both the FQL and LIBL approximations are important since they permit to decouple
the resolution in the substrate (or bulk) and in the doped layer as follows (Fig. 6.5). The
substrate FLs are computed neglecting the presence of the doped layer, but taking into
account the three-dimensional nature of the diffusion (Fig. 6.5-1). Since the substrate
properties (lifetime and diffusivity) are usually well known, one can in principle predict
with a good accuracy6 the substrate injection level as a function of the illumination
power7. Once the substrate FLs are known, they are pinned (LIBL approx.) (Fig. 6.5-2)
and horizontally extended in the doped region (FQL approx.) (Fig. 6.5-3). The potential

6However, injection dependent BGN and possible surface recombinations complicate the
problem.

7Practically, the carrier concentration and temperature as a function of pump power is cal-
culated once and fitted with a convenient power log function, as proposed in App. A.14.
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6. APPROXIMATED SOLUTIONS

and subsequently the excess carrier concentration in the doped layer are calculated
considering one-dimensional electrostatics (Fig. 6.5-4).

Figure 6.5: (Color). Principle of the FQL/FIBL approximations as explained in the text.

6.2.1 Excess carrier concentration in the layer

As aforementioned, the excess carrier concentration in the doped layer can be obtained
by solving the one-dimensional Poisson equation assuming known (LIBL) and flat (FQL)
quasi-Fermi levels (Eq. 6.11)

−∇.ε∇φ =q(fpe
φ/Vth − fne−φ/Vth + C(z)) (6.11)

where fn and fp are known functions8 of the quasi-Fermi levels (App. A.10) and C(z) is
the net active doping concentration profile. Once the electrostatic potential φ is known,
the electron and hole concentration profiles are readily obtained (Eqs. 4.16 and 4.17).
Figure 6.6 shows the solution (potential, and electron and hole concentrations) obtained
by FSEM (three-dimensional axisymmetric drift-diffusion equation with finite-element
method) and FQL/LIBL approximations (one-dimensional Poisson equation with finite-
difference method). The two methods give essentially the same result, although the
junction potential is slightly higher in the case of FSEM simulations (5 %). At high
doping concentration (3× 1020 /cm3), the minority carrier concentration in the layer is

8They depend on the assumed statistics (Maxwell-Boltzmann or Fermi-Dirac, and on the
affinity and the bandgap.
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substantially higher with FSEM due to the non-flatness of the minority carrier FL (Fig.
6.3).
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Figure 6.6: Comparison of FSEM three-dimensional simulations (dashed lines) and FQL/LIBL

approximation (plain lines) for box profiles of peak doping concentrations of 1× 1020 /cm3 (left) and

3× 1020 /cm3 (right). The vertical dashed lines indicate the edges of the space-charge region (SCR),

which, at high substrate injection, corresponds to the region where the active doping concentration

varies.

It is however possible to easily calculate the carrier concentration in the layer a few
Debye lengths (< 1.2 nm at N + P > 1018 /cm3) away from the space-charge region
(vertical dashed lines in Fig. 6.6), without solving the Poisson equation. Indeed, in the
sample bulk and in the doped layer, the mass-action law allows us to write

P bNb =
“
Nb
ie

”2

γbnγ
b
pe

(Ebfn−E
b
fp)/kBT (6.12)

P lN l =
“
N l
ie

”2

γlnγ
l
pe

(Elfn−E
l
fp)/kBT (6.13)

where N l is the carrier concentration in the doped layer and Nb is the a priori known
carrier concentration in the bulk9. If flat quasi-Fermi levels (FQL) are assumed
through the junction (Elfn = Ebfn and Elfp = Ebfp), both equations can be combined as

P lN l = ΓP bNb (6.14)

9Nb can be computed in a three-dimensional axisymmetric domain with the ambipolar equa-
tion, or the DDE if quasi-electric field effects (BGN) have to be considered (Sec. 5.2).
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where we have defined Γ as

Γ =

„
N l
ie

Nb
ie

«2
γlnγ

l
p

γbnγbp
(6.15)

accounting for BGN (through Nie, see Eq. 4.21) and Fermi-Dirac statistics (through γn
and γp, see Eqs. 4.18 and 4.19). For non-degenerate materials at low injection, Γ = 1,
while for degenerate materials and/or at high injection, Γ� 1 (Fig. 6.7a).
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Figure 6.7: Γ coefficient (a) and excess carrier concentration (b) in a doped layer as a function

of its doping concentration, for four substrate injection levels (excess concentration in the substrate is

indicated in /cm3 near each curve), considering p-type (plain lines) and n-type (dashed lines) layers

(note that the type of the substrate does not matter since it is at high injection). Original Schenk

BGN model and Fermi-Dirac statistics are assumed. The bump in the Γ coefficient results from

the increasing BGN in the layer with doping concentration (it is not an artifact). At higher doping

concentrations, Fermi-Dirac statistics makes Γ strongly decrease.

If we want to solve Eq. 6.14 for N l, an additional equation is necessary. We assume
that the excess electron and hole concentrations in the layer are equal

N l =∆N l (6.16)

P l =Pdop + ∆N l (6.17)

According to numerical simulations, this assumption remains valid up to high doping
concentrations (1×1020 /cm3) (Fig. 5.48). In the substrate at high injection we further
have

P b = Nb = ∆Nb. (6.18)
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Substituting Eq. 6.16, 6.17 and 6.18 into Eq. 6.14, one immediately obtains

(Pdop + ∆N l)∆N l = Γ
“

∆Nb
”2

(6.19)

This equation can be solved for N l (polynomial of order 2) assuming Doping Layer
Invariant Bulk Level (LIBL), i.e. ∆Nb is independent of the presence of the doped
layer,10

∆N l =

„
−Pdop +

q
P 2

dop + 4Γ (∆Nb)2

«
/2 (6.20)

When Maxwell-Boltzmann statistics is assumed (γn = γp = 1) and when the bandgap is
independent of the excess carrier concentration (e.g. Slotboom’s model), the coefficient
Γ is independent of ∆N l so that ∆N l can be computed explicitely. Otherwise, the
equation is implicit in ∆N l [Γ = Γ(∆N l)] and must be solved self consistently (e.g.
with Newton’s method). Note that ∆N l depends on the type of the doped layer (p-
or n-type) through the Γ coefficient11 (Fig. 6.7b). The link between the surface excess
carrier (∆N l) and the bulk excess carrier (∆Nb) is thus straighforward when both FQL
and LIBL approximations are used. Two limit cases are important

∆N l =Γ
“

∆Nb
”2

/Pdop if Pdop � ∆N l (low injection) (6.21)

∆N l =
√

Γ∆Nb if Pdop � ∆N l (high injection) (6.22)

and they are illustrated in Fig. 6.8. Note that it is important to assume Fermi-Dirac
statistics for doping and/or excess carrier concentrations larger than 1019 /cm3 since
Γ can be as low as 10−6. Figure 6.8 is very useful to predict the substrate injection
needed to achieve a high enough excess carrier concentration that can be measured by
modulated photoreflectance. An excess carrier concentration ∆N l > 6 × 1016 / cm3

(Eq. 3.108) is required to measure a signal above the noise level (∆R/R = 10−6). For
example, injection levels as high as 8 × 1019 /cm3 and 1 × 1019 /cm3 respectively for
p-type and n-type layers are required to resolve a doping concentration of 4×1020 /cm3.
This is a fundamental limitation of the CI method, since high substrate injections induce
high excess temperatures leading to a domination of the photoreflectance signal by the
temperature component, and possibly to the melting of the sample (Fig. 5.26).

10If LIBL approximation is not valid (too intense surface recombinations), we have ∆Nb =
∆Nb(∆N l), and the equation must be solved self-consistently.

11In Fermi-Dirac statistics, γln × γlp does not lead to the same result for p- and n-type layers
since the electron (Nd + ∆N) and hole (Na + ∆N) concentrations appearing in the expressions
of γn and γp are scaled respectively by Nc and Nv , which are not equal

γn =
Nd + ∆N

Nc
e
−FInv1/2

“
Nd+∆N
Nc

”

γp =
Na + ∆N

Nd
e
−FInv1/2

“
Na+∆N
Nv

”

where FInv1/2 is the inverse of the Fermi 1/2 integral. Furthermore, the BGN included in Nie
is not necessarily symmetrical with respect to the dopant type, as in Schenk BGN model for
example.
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In order to solve this issue, one could consider working with very short laser pulses,
allowing to achieve high excess carrier concentrations and low excess temperatures at
the same time. This kind of experiment is beyond the purpose of this thesis, but we will
nevertheless investigate the possibility to reconstruct high doping concentration profiles
with high substrate injection levels in Sec. 7.4 of next chapter.
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Figure 6.8: (Color). Excess carrier concentration in the doped layer (∆N l) as a function of the

substrate injection (∆Nb) for p-type (a) and n-type (b) layers. Each curve corresponds to a particular

doping concentration in the layer (doping concentration indicated in /cm3). Schenk (original) BGN

and Fermi-Dirac statistics are assumed.

Let us now compare the FQL/LIBL model with the solutions of the DDE equations
obtained with FSEM, assuming various BGN models. The comparison without BGN
and with Slotboom’s BGN are shown respectively in Figs. 6.9a and 6.9b. The overall
agreement is excellent. A substantial deviation occurs, however, at high doping concen-
tration (> 1020 /cm3), where the FQL/LIBL approximation underestimates the excess
carrier level (∆N l), especially at low injection. Indeed, at high doping concentrations,
the impact of the net generation/recombination rate can no longer be neglected as will
be explained in Sec. 6.2.6. The agreement of FQL/LIBL and FSEM solutions with
Schenk depletion BGN model is also excellent (Fig. 6.10a). Here again FQL/LIBL un-
derestimate ∆N l at high doping concentrations. Using the FQL/LIBL approximation,
we now have the possibility to test Schenk’s original model12 (Fig. 6.10b). Interest-
ingly, the slight bump feature (∆N l > ∆Nb) observed13 at a doping concentration of
2 × 1018 /cm3 with Schenk’s depletion model, disappear with Schenk’s original model.

12This model cannot be used in the FSEM simulations due to the existence of depletion regions
far away from the laser.

13The bump is hard to see on the log scale but its impact on the photoreflectance, which
scales linearly with the excess carrier concentration, is nevertheless important.
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6.2. Flat Quasi Fermi Level (FQL) and Doping Layer Invariant Bulk
Level (LIBL) approximations

As already mentioned in Sec. 5.3.6.1, the higher levels observed in Fig. 5.55d and the
inverse cosine in Fig. 5.49 (i.e. NXj < 0) are an artifact of Schenk’s depletion model.
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Figure 6.9: FSEM (symbols) and FQL/LIBL (plain lines) comparison of the minority carrier

concentration in the layer (∆N l) at given substrate (bulk) injection levels (∆Nb). (a): no BGN. (b):

Slotboom BGN. Fermi-Dirac statistic is assumed.

6.2.2 Lateral decay length in the layer

In this section we will show that FQL/LIBL approximation is able to accurately model
the radial dependence of the excess carrier concentration [∆N l(r)] and potential [φ(r)]
in the layer, assuming that the radial dependence of the excess carrier in the substrate
(bulk) is known [∆Nb(r)]. The full ∆Nb(r) profile is not even needed. It is actually
sufficient to know the value at r = 0 and to extrapolate the value at r > 0 assuming a
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Figure 6.10: FSEM (symbols) and FQL/LIBL (plain lines) comparison of the minority carrier

concentration in the layer (∆N l) at given substrate (bulk) injection levels (∆Nb). (a) depletion

Schenk BGN. (b) original Schenk BGN. Fermi-Dirac statistic is assumed.

diffusion length14 Lb

∆Nb(r)

∆Nb(0)
= e−r/L

b

(6.23)

Similarly, the lateral profile in the layer is given by

∆N l(r)

∆N l(0)
= e
− r
Ll (6.24)

Since ∆N l depends on ∆Nb through Eq. 6.20, the ratio of the decay lengths in the layer
Ll and in the substrate Lb is given by

Lb/Ll = − ln

„
∆N l(∆Nb/e)

∆N l(∆Nb)

«
(6.25)

14The diffusion length Lb =
√
Dτ is calculated considering the recombination lifetime τ (Sec.

4.1.5) and ambipolar diffusivity D (Sec. 4.1.8) at the given excess carrier concentration at the
surface ∆Nb(r = 0).
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6.2. Flat Quasi Fermi Level (FQL) and Doping Layer Invariant Bulk
Level (LIBL) approximations

and is shown in Fig. 6.11 as a function of the excess carrier concentration in the bulk
(∆Nb), assuming Fermi-Dirac statistics and Schenk’s original BGN model15. Note that
the agreement between FQL/LIBL and FSEM solutions is excellent as shown in Fig.
6.12a.

Equation 6.25 has two important limit cases, assuming Γ is independent of r (Boltz-
mann statistics and no BGN),

� Pdop � ∆N l (low injection): Ll = Lb/2

� Pdop � ∆N l (high injection): Ll = Lb

It shows that the lateral diffusion length in the doped layer decreases from Ll = Lb at
low doping concentration, to Ll = Lb/2 at high doping concentration (Fig. 6.12b).
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Figure 6.11: (Color). FQL/LIBL approximations. Left axis: ratio of the layer and bulk decay

lengths (Ll/Lb) as a function of the excess carrier concentration in the bulk (∆Nb) at different layer

doping concentrations (indicated in /cm3 on each curve). At high injection, we have Ll/Lb → 1. At

low injection, we would have Ll/Lb → 1/2 if Γ was independent from r. Here, since Fermi-Dirac

statistics and Schenk’s BGN model are assumed, the Γ coefficient is dependent of r, leading to a ratio

Ll/Lb slightly different from 1/2. Right axis: the bulk diffusion length is indicated (black curve).

6.2.3 Junction potential

The junction potential can also be calculated analytically, taking into account a possible
change in affinity due to BGN

−q(φl − φb) = (Elc − Elfn) + χl − (Ebc − Ebfn)− χb (6.26)

15Figure 6.11 is useful to determine the bulk injection level needed to probe a certain doping
concentration level using offset curves (signal as a function of the pump-probe beam lateral
distance), as can be obtained with the Therma-ProbeTM apparatus. The latter is able to
measure offset curves with a pump-probe separation of maximum 2 µm and a substrate injection
level ∆Nb ' 1018 /cm3.
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Figure 6.12: (Color). (a) FSEM (symbols) and FQL/LIBL (plain lines) comparision of the

minority carrier lateral profile [∆N l(r)]. (b) FQL/LIBL normalized minority carrier lateral profile

[∆N l(r)/∆N l(0)] to visualize the decay length (Ld) with layer doping concentration taken as a pa-

rameter. Fermi-Dirac statistics and Schenk (depletion) BGN are assumed.

where the difference in affinity between the doped layer and the substrate (χl − χb)
depends on the amount of BGN on the conduction band (∆Eg,c < 0)

χl − χb = χ0 −∆Elg,c − (χ0 −∆Ebg,c) = ∆Ebg,c −∆Elg,c (6.27)

Substituting Eq. 6.27 into 6.26, and expressing the electron quasi-Fermi level as a
function of the excess carrier concentrations ∆Nb and ∆N l, we obtain

−q(φl − φb) = Vth ln

„
∆NbN l

cγ
l
n

∆N lNb
cγbn

«
+ ∆Ebg,c −∆Elg,c (6.28)

where ∆N l depends on ∆Nb through Eq. 6.20. The junction potential calculated with
Eq. 6.28 is in very good agreement with FSEM calculations (Fig. 6.13).

6.2.4 Extension to arbitrary profiles

Since the Debye length of a highly doped profile (> 1018 /cm3) on a highly injected
substrate (> 1018 /cm3) is very small (1 nm or less), it is expected that Eq. 6.20 will
remain locally valid at all depths, such that

∆N(z) =

„
−Pdop(z) +

q
Pdop(z)2 + 4Γ (Nb)2

«
/2 (6.29)

This is confirmed in Fig. 6.14, where we compare Eq. 6.29 with the solution of the
one-dimensional Poisson equation. The agreement is excellent (curves can hardly be
distinguished) except for the steepest doping profile, for which an approximate 2 nm
shift in the excess carrier (or electron) concentration is observed .
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Figure 6.13: (a) FSEM and FQL/LIBL comparison of the junction potential (φbi) under injection

as a function of the lateral distance (r). The number near each curve indicates the layer doping

concentration in /cm3. Schenk depletion BGN model is assumed. (b) Band diagram to support Eq.

6.26.
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Figure 6.14: Comparison of carrier concentration profiles obtained by solving the one-dimensional

Poisson equation or using Eq. 6.29, considering three doping concentration profiles of different steep-

ness. Schenk BGN model and Fermi-Dirac statistics are assumed.

6.2.5 LIBL approximation validity

When there is no electrical contact, the global (integral over the whole sample) genera-
tion/recombination rate must vanishZ

Ωl

Gl −Rl +

Z
Ωb

Gb −Rb = 0, (6.30)
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6. APPROXIMATED SOLUTIONS

i.e. all charges created in the layer (Ωl) or in the bulk (Ωb) must recombine in steady
state. If the net recombination current in the layer (J lrec =

R
Ωl
Rl) increases, the net

recombination current in the substrate (Jbrec =
R

Ωb
Rb) must decrease accordingly so

as to keep Eq. 6.30 balanced (the generation rate can be assumed constant in good
approximation). A decrease in Jbrec can only occur through a decrease in the excess
carrier concentration16 [Rb = ∆Nb/τ b(∆Nb)]. In other words, a too high recombination
rate in the layer (including volume and surface recombinations) causes the substrate level
to decrease. Hence, for the LIBL approximation to be valid, the following condition must
hold

J lrec/J
b
rec � 1 (6.31)

with, accounting for volume and surface recombinations17,

J lrec '
∆N l

τ l
Xj + s∆N l (6.32)

Jbrec '
∆Nb

τ b
max

“
Lb, 1/αbba

”
(6.33)

The ratio J lrec/J
b
rec for typical doping and substrate injections are shown in Fig. 6.15.

At the typical substrate injection level in CI (Nb from 1017 to 1019 /cm3) and layer
doping concentration (Pdop from 1018 to 1020 /cm3), the LIBL approximation is excel-
lent (J lrec/J

b
rec < 3%) (Fig. 6.15a) . Note that FCA was neglected. FCA causes the

absorption length (1/α) to decrease and thus J lrec/J
b
rec to increase for ∆Nb >> 1019

/cm3 so that the situation will actually be slightly worse at high injection than is shown
in Fig. 6.15. If the recombination lifetime strongly degrades in the layer (defects or
high surface recombination velocity), the condition stops being valid for the most lowly
doped layers (Fig. 6.15b).

6.2.6 FQL approximation validity

Let us investigate what can affect the flatness of the FLs through a p-n junction18.
Integrating the conservation equation (Eqs. 4.2 and 4.3) in one dimension from the
surface (z=0) towards the junction (z ≤ Xj), and accounting for both surface (Rs)
and volume (R) recombinations, we obtain (here written for a p-type layer of doping

16Indeed, in the Auger regime (which is always the case for highly injected substrates), the
lifetime decreases with excess carrier concentration (Fig. 4.6a). This is not the case in SRH
regime for which the lifetime slightly increases with excess carrier concentration.

17The same result can be obtained by considering the diffusion current in the substrate [Jbdiff '
Db∆Nb/max

`
Lb, 1/α

´
].

18The condition under which FQL approximation is valid has been detailed by Jang [112] in
the case where a surface potential exists, but not in the case of a junction.
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Figure 6.15: (Color). Ratio of the recombination currents in the layer and in the bulk, Jlrec/J
b
rec,

as a function the doping concentration in the layer. Each curve corresponds to a given bulk excess
carrier level (∆Nb indicated in /cm3). Jlrec/J

b
rec must be � 1 in order for the LIBL approximation

to be valid. Two surface recombination velocities are considered: (a) s=0 and (b) s=104 cm/s. We

assumed Xj = 50 nm and 1/α = 10 µm. For the calculation of Lb, SRH and Auger recombinations,
and Klaassen’s mobility are assumed.

concentration Ndop)

φn(z) =φn(Xj)−
Z z

0

Rs
∆N lµl

dz′

+

Z z

0

1

∆N lµln
dz
′
Z z

0

(G−R) dz
′′

(6.34)

φp(z) =φp(Xj) +

Z z

0

Rs
(Ndop + ∆N l)µl

dz′

−
Z z

0

1

(Ndop + ∆N l)µln
dz
′
Z z

0

(G−R) dz
′′

(6.35)

where Rs = s∆N l is the surface recombination rate and R = ∆N l/τ l is the volume
recombination rate in the layer. These equations are difficult to integrate analytically,
since ∆N l, µ, Rs and R are functions of φn. Nevertheless, qualitative information can
be obtained.

Let us first consider the majority carrier equation (Eq. 6.35). Since Ndop is large
and appears at the denominator, the variation of φp is likely to be negligible, which
is indeed observed in Fig. 6.3a. As for the minority carrier equation (Eq. 6.34), the
denominator is not necessarily large so that φn is likely to vary depending on the actual
values of the mobility (µln) and of the generation (G) and recombination (R and Rs)
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6. APPROXIMATED SOLUTIONS

rates. The surface recombination term integrates easily if the surface recombination
velocity is assumed independent of the excess carrier concentrationZ z

0

Rs
∆N lµl

dz′ =
s

µln
z (6.36)

The FL will thus be more affected if the SRV is high or if the mobility is low, which
is the case at high doping concentrations. However, a rapid calculation shows that if
s = 104 cm/s and if µln = 100 cm/s, the variation in φn over a 50 nm doped layer
is only 5 × 10−4 V, thus negligible19 with respect to the thermal voltage (0.0259 V).
Consequently, the FL in the layer remains flat, as observed in Fig. 6.4. This should
not be confused with the fact that the FLs in the bulk are strongly affected (the FLs
remain flat but are globally shifted in energy) by surface recombinations, especially at
low doping concentration, as demonstrated in the previous section (Sec. 6.2.5).

The volume recombination term cannot easily be integrated due to the dependence
in φn of ∆N l and R. Nevertheless, useful information can be obtained by inspecting
its different factors. At high doping concentration, the mobility, which appears at the
denominator, is strongly decreased so that φn will tend to be more influenced by an
imbalance of the term G − R. The generation rate G always increases with doping
concentration (due to BGN). As for the recombination rate R, the situation is more
complex. Since the carrier recombination lifetime decreases with doping concentration,
one could wrongly conclude that R increases. Actually, the excess carrier concentration
in the layer is very small (due to the electrostatics across the p-n junction), so that R is
also small. Consequently, it is expected that G-R is positive and possibly large at high
doping concentration. According to Eq. 6.34, if G − R > 0, the quasi-Fermi level will
lie closer to the conduction band at the surface than at the junction, as observed in the
numerical simulations Fig. 6.3a.

In conclusion, the FQL approximation is always valid for the majority carriers but
stops being valid for the minority carriers at high doping concentrations.

19It is known in solar cell literature that when the surface recombination velocity is too high,
the FQL approximation stops to be valid [89, 90, 62]. Our situation is actually very different
from a solar cell where an electrical contact is considered. The SRV at a contact is equal to the
thermal velocity, 107 cm/s, thus three orders of magnitude higher than the one we considered
in our numerical example.
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6.3. Conclusion

6.3 Conclusion

In this chapter, we have shown that the flat quasi-Fermi level (FQL) approximation
and the doping layer invariant bulk level (LIBL) approximation can be used to decouple
the solution in the substrate and in the doped layer. The solution in the substrate can
be calculated once for all by means of three-dimensional FEM simulations, while the
solution in the layer (where the doping concentration varies) can be easily calculated
by integrating the one-dimensional Poisson equation assuming that the Fermi levels
are not perturbed by the presence of the layer (FQL and LIBL approximations). We
have further shown that the solution of the one-dimensional Poisson equation (which
is a partial differential equation) can actually be obtained by solving a simple, though
nonlinear, algebraic equation.
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Chapter 7

Inverse Problem

The specificity of Carrier Illumination (CI) as a photoelectrothermal modulated optical
reflectance (PMOR) technique is to vary the power amplitude of the modulated pump
laser in order to probe the induced nonlinear change in probe laser differential reflectance,
which depends on the underlying active doping profile (Sec. 2.2). CI can thus be seen
as a power spectroscopy PMOR technique for the active doping profile characterization.
Indeed, contrary to usual wavelength spectroscopic techniques, the CI probe laser wave-
length is fixed (980 nm) but the irradiance (power) amplitude of the modulated pump
laser is varied from about 1 × 104 W/cm2 (1.5 mW) to 4 × 105 W/cm2 (60 mW) in
order to provide a nonlinear differential reflectance curve, called a power curve.

In this chapter, we develop methods for solving the inverse problem, i.e. the decon-
volution of a powercurve to extract the active doping profile. However, before diving
into the heart of the deconvolution methods, it is first important to remind the limits
in accuracy and precision we are facing with CI.

The limit in accuracy comes from the fact that the reflectance is a complicated
functional of the full in-depth underlying active doping profile, and of the surface and
substrate properties (surface recombination velocities, carrier lifetimes and mobilities).
Two mechanisms mainly affect the accuracy of the deconvolution. First, the lack of
knowledge of the surface recombination velocities (Sec. 5.2.4.2), and, to a lesser extent, of
the substrate recombination lifetimes (Sec. 5.2.4.1), and, second, the strong dependence
of the excess carrier concentration on the assumed band gap narrowing model (Sec.
5.3.6.1). The surface and substrate recombination issue could however be solved by
making an independent measurement of the substrate injection level1. The bandgap
narrowing issue is more problematic as it also depends on the degree of disorder in the
layer, which can hardly be determined.

The limit in precision comes from the weak nonlinear character of the reflectance as
a function of pump power, which tends to bury the signal features into the noise of the
measurement. However, this is not a show stopper of the CI method as both the precision
in the output laser power and in the detector readout can be technologically improved.

1We have seen in Sec. 3.4 that this could be achieved by making a measurement in the IR
spectral region.
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Besides the classical source of noise in the signal (laser power and detector stabilities),
the charging effect (Sec. 5.1) introduces extra “noise”2 due to uncontrollable variations
in the charging state of the surface. However, we have shown that a thick enough oxide
(10 nm) completely obliterates the problem, or that working under a nitrogen flow might
also solve the problem (the charging of the surface being catalyzed by oxygen).

Though we have recognized the weak nonlinear character of a power curve, it is nev-
ertheless by carefully analyzing these nonlinearities that we propose to extract doping
profiles, or at least information on it. In the following, we will assume that no charg-
ing occurs during illumination, that the SRH substrate and surface recombinations are
negligible with respect to Auger recombinations, and that the BGN is given by Schenks’
model. By doing so, the accuracy of the deconvolution will inevitably be limited. Nev-
ertheless, we will see that nice correlations with SIMS and SRP can be obtained.

Historically, we first developed two methods for extracting information on box-like
profiles (as fabricated by Boron doped CVD), namely the peak active doping concentra-
tion (Ndop) in the top layer and the junction depth (Xj). The extraction of these two
parameters is made possible by exploiting two independent features of the power curve.
The first method exploits the power at which the power curve presents an inflection point
[d2(∆R/R)/dP 2 = 0] and the signal at a fixed given power. The second method exploits
the powercurve first derivatives at low and high powers. The first method has the disad-
vantage of involving the computation of the power curve second derivative which is very
unprecise due to noise in the signal and thus requires a special smoothing technique.
Furthermore, the existence of an inflection point is not guaranteed which leads to a very
limited profile parameter extraction range (Xj=20 - 40 nm, N=1019 - 1020 /cm3). The
second method is less sensitive to noise and the extraction range is improved since the
first derivative always exists contrary to the inflection point.

We then developed a third method based on the direct fitting of power curves by
the optimization of a finite number of profile parameters. Typically, three parameters
are considered, namely the peak concentration (Ndop), the junction depth (Xj) and
the steepness (characterized by a characteristic length Lc), assuming erfc or gaussian
shapes. This method is much more time consuming than the two first aforementioned
since it involves the computation of a full powercurve at each iteration step of a nonlinear
optimization method (Levenberg-Marquardt algorithm). However, using the FQL and
LIBL approximations developed in the previous chapter (Chap. 6), a fitting can be
obtained in a few minutes.

We finally developed a fourth hypothetical method based on a backward deconvolu-
tion by staircase doping profile approximation. This method is hypothetical because it
involves much higher substrate injection levels, thus requiring high illumination powers.
We however know that high illumination powers involve high temperatures if the illumi-
nation time duration is too large. Practically the real implementation of this technique
would necessitate to build a new experimental setup based on short pulsed illumina-
tion. This method must thus be seen as a thought experiment which may open the way
towards arbitrary profile deconvolution.

The first (inflection point) and the second (first derivative) methods were published
by the author in Ref. [70, 50] and [67] respectively, and are shortly described in Sec.
7.1 and 7.2 respectively, considering an up-to-date modelling. The third (parameters

2This extra noise may rather be seen as a repeatability problem.
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fitting) and fourth (backward deconvolution) methods are covered in Secs. 7.3 and 7.4
respectively.
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7. INVERSE PROBLEM

7.1 The inflection point method

We already know that if the junction depth (Xj) is known (for example by a SIMS mea-
surement, Sec. 1.2.1), the peak doping concentration (Ndop) can readily be determined
by CI, by using the correlation plot of the CI signal at a particular pump power, say
75% of the maximum power3, −∆R/R75%, versus Xj (Fig. 5.33). Similarly, a correla-
tion plot of −∆R/R75% versus Ndop can be made (not shown) from which Xj can be
extracted knowing Ndop by some other measurement technique (for example by EMP
measurement, Sec. 1.2.7).

The independent extraction of Ndop and Xj requires to use at least one more charac-
teristic of the power curve. It has been found that the inflection point (second derivative
zero) of the power curve can serve this purpose (Fig. 7.1). The noise level (∼ 300 µV/V,
i.e. 7× 10−6 in unit of ∆R/R) is low enough relative to the signal level (at full power,
up to 40000 µV/V, i.e. 8.8 × 10−4 in unit of ∆R/R) so that very fine details can be
extracted from a power curve. We found out that the inflection point position (called
the inflection power) corresponding to a maximum of the first derivative, increases with
the junction depth (Fig. 5.34 and 7.1).

All power curves in our data set, for a constant active doping shallower than 50 nm,
have such an inflection point. For deeper profiles, an inflection point corresponding to
a minimum of the first derivative is sometimes observed but no evident correlation with
junction depth has been observed due to a lack of data in this range.
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Figure 7.1: (a) Power curves of the CVD3 sample set. The horizontal arrows indicate the CI signal

value at 75 % of the maximum pump power (43.2 mW). The vertical arrows indicate the position of the

inflection point. (b) Second derivatives obtained after smoothing the power curves shown on picture

(a), using the spline fitting algorithm. The vertical arrows indicate the position of the null second

derivative (inflection point).

It is important to notice that special care must be taken in order to obtain the second
derivative of the power curve. As can be seen on Fig. 7.1a, a typical powercurve is almost

3In practice, we use the signal at 75% of the pump maximum power (43.2 mW), giving a
comfortable dynamic range while staying away from the laser extreme limits.
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7.1. The inflection point method

a straight line. The numerical calculation of its second derivative without a preliminary
smoothing gives too noisy results leading to a non-uniqueness of the power value cor-
responding to a zero second derivative (not shown). Several smoothing strategies have
been tried including smoothing by averaging neighbor points with different weights (A),
imposing third derivative continuity (B), a more complex algorithm that minimizes the
length of the second derivative curve while keeping the error (difference between original
and smoothed signal) within the noise limit (C), and finally an algorithm for cubic spline
fitting with convexity constraint proposed by Dierckx[63](D). Algorithms (A) and (B)
have the disadvantage to require a lot of smoothing steps with the subsequent possible
disappearance of the sought inflection point. Algorithm (C) leads to too smoothed or
too noisy second derivatives depending on the weighing between length and error min-
imization, giving thus unreliable results (the inflection point position depends strongly
on the smoothing parameters). The best results are usually obtained with algorithm
(D) by using a cubic spline with 11 knots without convexity constraint as we are pre-
cisely interested in discovering the change in power curve convexity (second derivative).
However, the algorithm sometimes introduces spurious oscillations in the power curve.

For the computation of the numerical second derivative after smoothing, different
stencil strategies [6] with up to 7 points were used. The best results are simply obtained
by differentiating two times using central differences on a 3 point stencil. A typical
example of cubic spline smoothed second derivative is shown on Fig. 7.1b and the power
at which it crosses the abscissa axis, the inflection power, can be readily extracted.

If we now plot the CI signal value at some arbitrary pump power, say −∆R/R75%,
versus the inflection power (Pifl), we find that each sample set, corresponding to a par-
ticular growth condition (approximatively same Ndop with variable Xj), approximately
fits on a straight line corresponding to a particular nominal (neglecting a possible par-
tial activation) doping density (symbols and black lines on Fig. 7.2). For each doping
density, the junction depth increases with the inflection power. In order to extract the
active doping concentration (Ndop) and the junction depth (Xj), the plane −∆R/R75%

vs Pifl (Fig. 7.2) must be accurately partitioned in curves (not necessarily straight lines)
of constant Ndop and Xj .

First of all, it is important to notice that the simulations4 also predict the exis-
tence of an inflection point, though in a much more limited Xj range than obtained
experimentally (27.5 nm < Xj < 37.5 nm in the simulations and 5 nm < Xj < 50 nm
experimentally), and that the inflection power also increases with junction depth. The
curves of constant Ndop are almost straight lines (Fig. 7.2). The qualitative agree-
ment (' straight lines) with experiment is thus good but apparently, the quantitative
agreement (direction of lines) is however poor. The latter is mainly due to the different
positions of the inflection points in simulation and experimental data. It is however not
very surprising as there is a significant uncertainty in the experimental inflection point
location (the power curves are almost linear) and the emission power of the pump laser
was assumed linear with the input current which is not exactly the case. Furthermore,
the modelling used in the simulations assumes Schenk’s BGN (which we suspect to be
not accurate enough, Sec. 5.3.6.1) and neglects surface recombinations.

In principle, Ndop and Xj of an unknown box-like layer could be extracted from

4Obtained by numerical integration of the electric potential equation (Poisson) assuming
LIBL and FQL approximations. Schenk’s original BGN model was assumed.
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Figure 7.2: (Color). CI signal at 75 % of the maximum pump power (−∆R/R75%) versus

inflection power (Pifl). Experimental data of a few sample sets is shown (symbols). Black lines are

guides to the eyes, connecting samples of constant Ndop and of increasing Xj . Colored curves were

obtained by FQL/LIBL simulations of box-like doping profiles with varying Ndop and Xj .

interpolation on Fig. 7.2 from the measured signal and inflection power. However, the
accuracy is too poor and the extraction range too limited in order to draw correlations
with other characterization techniques (SIMS, SRP, FPP). This deconvolution method
is therefore practically unusable and is shown here for the sake of completeness.
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7.2. The high vs low power derivative method

7.2 The high vs low power derivative method

Similarly to the previous section, we propose a method to extract the active doping
peak concentration (Ndop) and the junction depth (Xj) of box-like profiles based on
the exploitation of two characteristics of the power curve. In the present case, the two
features are the signal derivatives at low [d(∆R/R)/dP l] and at high [d(∆R/R)/dP h]
illumination powers. Indeed, we noticed that by parametrically plotting d(∆R/R)/dP h

versus d(∆R/R)/dP l for a series of Ndop and Xj , one obtains a chart (Fig. 7.3) from
which the sought Ndop and Xj values can be interpolated. Practically, the interpolation
is carried out numerically from a Delaunay triangulation of the chart (Fig. 7.4). Alter-
natively, one could have considered using the differential reflectivity signal itself instead
of its derivative, but, as the signal always tends toward zero at low power (contrary to
the derivative), the precision of the extraction would be extremely low. 5

The behavior of the chart can be analyzed from the analytical solution derived in the
previous chapter (Sec. 6.2). Assuming Γ = 1 for simplicity in Eq. 6.20, the derivative
of the differential reflectance is given by

−d∆R/R

dP
∝ β
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(7.1)

where s = cos(4πnXj/λ). The usual notation (.)δ = (.)'− (.)− was used, and, to derive
the last equation, we used dNb/dP− = 0. The parametric equations constituting the
chart of Fig. 7.3 are given by

x =− d∆R/R

dP

low

(7.2)

y =− d∆R/R

dP

high

(7.3)

It is readily seen that the curves of equal Ndop are straight lines since Eqs. 7.2 and 7.3
are linear is s.

5Actually, we believe that the Therma ProbeTM technique, which uses the inphase and
quadrature signals to extract Ndop and Xj , as in Ref. [22], is equivalent to using the CI signals
(and not its derivative) at low and high illumination powers. The inphase and the quadrature
signals actually correspond respectively to the CI signal at high and low substrate injections. As
the TP quadrature signal is small (low injection), the precision of the Therma Probe technique
is limited.
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Figure 7.3: (Color). High vs low power derivative chart. Simulations (lines) assume FQL/LIBL

approximation and Schenk’s model. Experimental data (symbols) correspond to samples given in Tab.

A.8.
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results as triangle nodes. The mesh is used in order to interpolate Ndop and Xj numerically from

experimentally measured low and high power derivatives.
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7.2. The high vs low power derivative method

If Ndop � Nb, and if we neglect the temperature contribution for a while (dTδ/dP =
0), the iso-Ndop lines form the bottom envelop of the chart and pass by the origin, i.e.

y =

“
dNb
dP

”h
δ“

dNb
dP

”l
δ

x (7.4)

and the sensitivity to the doping concentration vanishes. The iso-Xj corresponding to
Xj = λ/4n (i.e. s=-1), forms the top envelop of the chart. When Xj → 0 (i.e. s=1),

all the iso-curves converge towards the point x =
“
dNb
dP

”l
δ
, y =

“
dNb
dP

”h
δ
, on the first

quadrant of the chart. Notice that if the temperature contribution is included, all the
curves are simply shifted along a line of slope one6 by7 −

√
2 δ d∆Tδ/dP .

As observed in Fig. 7.3, almost all the data points (symbols) lie within the limits
predicted by the simulations. However, at high doping concentrations, the simulations
predict more negative derivatives than experimentally observed. As discussed in Sec.
5.3, this is most probably due to an overestimation of Schenk’s BGN model at high
doping concentrations.

In order to assess the accuracy of the method, we compare the CI and SRP extracted
Xj , Ndop and sheet resistances (Rs = 1/qµNdopXj) assuming crystalline mobilities (Fig.
7.5a, c and d respectively). For Xj , we also include the CI/SIMS correlation (Fig. 7.5b).

Both the CI/SRP (Fig. 7.5a) and the CI/SIMS Xj (Fig. 7.5b) correlations are
close to one, with a typical scattering in Xj of less than 10 nm. For Xj > λ/4n ' 70
nm, the deconvolution is not valid due to the periodicity of the CI response. The
CI/SRP Ndop correlation (Fig. 7.5c) is however very poor. This inevitably also affects
the CI/SRP sheet resistance correlation (Fig. 7.5d), which is quite scattered, though a
slight correlation, of which the slope is smaller than one (dashed line), can however be
observed. We beleive that the accuracy of the deconvolution is here mainly limited by the
charging effect, which strongly influences the derivatives of the powercurves. Limitation
in the BGN modeling and the lack of knowledge of the surface recombination velocities
(linked to the charging effect) also affect the accuracy. It should also be kept in mind
that limits in the SRP method also contribute to the observed discrepancies.

A few data points are out of range and were not included in Fig. 7.5 as they
correspond to measurements lying very close to the borders of the chart of Fig. 7.3,
where the precision of the method is very limited. In the next subsections, we investigate
the accuracy and the precision on the extraction of Ndop and Xj by means of Monte
Carlo simulations.

6Assuming that the temperature varies linearly with the pump power, which is roughly the
case at not too high injection.

7where δ = dn/dT is the thermo-optic coefficient and dTδ/dP ' 50K/W is the derivative
of the temperature with respect to the pump power (Fig. 5.24b). We have here also implicitly
assumed that the differential excess temperature Tδ is independent from the doped layer doping
concentration and thickness.
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Figure 7.5: CI (low/high derivative method) and SRP/SIMS correlations: (a) CI vs SRP junction

depth, and (b) CI vs SIMS junction depth. The plain line is the first bissectrix and the dashed lines is

the first bissectrix shifted by ±10 nm. The gray areas represent junctions depth larger than λ/4n ' 70

nm, for which the extraction procedure is invalid. (c) CI vs SRP peak active doping concentration,

and (d) CI vs SRP sheet resistance. The plain line is the first bissectrix and the dashed line is a guide

to the eyes passing through the experimental data points.

7.2.1 Error estimation by Monte-Carlo approach

In this section, we evaluate the amount of uncertainty present in the derivative cal-
culation and how this uncertainty translates to uncertainty in the extracted Xj and
Ndop.

The precision in the CI signal (S = −∆R/R) is represented by the standard deviation
σS of a large number of repeated measurement values which are corrected for the charging
effect by subtracting the induced systematic error (Fig. 5.9). We find the standard
deviation σS = 7× 10−6 (∼ 0.7% of maximum signal) to be globally independent from
the signal level. Note that the lack of precision in S partially stems from the lack of
precision in the illumination power at the wafer plane. The standard deviation σP of the
illumination power P (integral of the irradiance over the illuminated area) at the wafer
plane was given by the constructor of the tool (Boxer Cross) and is actually a function
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7.2. The high vs low power derivative method

of power. For illumination powers larger than 5 mW, we have σP < 1.5× 10−4 W (see
Fig. A.1 in appendix). At lower power, the error increases so we never make use of data
in this range.

In order to obtain the precision on the extracted Xj and Ndop, one needs to con-
sider the error propagation through all the numerical treatments applied to the signal
S. The first treatment consists in smoothing the power curve S(P ) = −∆R(P )/R by
a sliding-average method with a three-point window, followed by the centered numer-
ical differentiation of S(P ). The second treatment consists in the (automatic) linear
interpolation of Xj and Ndop from the Delaunay mesh of Fig. 7.4.

Figure 7.6: (a) The dashed line with symbols represents a typical CI signal as a function of the

pump illumination power [S(P ) = −∆R(P )/R]. The signal was calculated by numerical simulations

at 22 equally-spaced power values. All the plain lines, which actually merge to a single thick line,

represent 60 S signals to which a random noise (σ∆R/R = 7×10−6) was added followed by two sliding-

average smoothing steps (with a three-point window). A signal decrease due to the sliding-average

is visible at low power (< 10 mW). (b) The dashed line with symbols represents the derivative with

respect to power of the simulated signal drawn in (a) (no noise is present in the simulated power curve

so that the derivative can be calculated very accurately). The plain lines are the centered numerical

derivatives of the 60 noisy signals shown in (a).

Considering the relative complexity of the previously described treatments, the error
propagation is best calculated using a Monte Carlo approach. We first assume that the
signals obtained by the numerical simulations constitute representative true values of
the true power curves:

πk = (k/Np) Pmax

µk = SIMUL(πk), k = 0, 1, ..., Np

where πk and µk are respectively the power and signal true values associated with power
k, and Np is the number of power steps. A synthetic data set is then created by applying
a random noise (normal distribution) to the true values:

Ski = σS r
k
i + µk
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7. INVERSE PROBLEM

where Ski is the signal value of Monte Carlo experiment i associated with power k, σS
is the standard deviation of the signal and rki is a random number comprised between
-1 and +1, associated with power k and experiment i.

By applying the first treatment (smoothing + differentiation) to the synthetic data
set (Fig. 7.6), one can easily obtain the random error (precision) in the derivative by
extracting the relative standard deviation of the derivative [σdS/dP /(dS/dP )] from Fig.
7.6b. When two smoothing steps are applied, a σdS/dP /(dS/dP ) ranging between 3 and
8 % is obtained depending on the power value (Fig. 7.7a). The systematic error on
the derivative can also be obtained by computing the deviation between the true value
of the derivative (which is computed from the unperturbed simulated power curve) and
its mean value (which is extracted from Fig. 7.6b). When two smoothing steps are
applied, the systematic error is smaller than 7 % except at the edges of the power range
(Fig. 7.7b). When the number of smoothing steps is increased, the random error always
decreases while the systematic error first decreases and then increases due to the signal
reduction effect of the sliding-average smoothing technique (already visible after two
smoothing steps at low power in Fig. 7.6a). A trade-off between random and systematic
errors is obtained with two or three smoothing steps.
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Figure 7.7: Monte Carlo simulations of the errors in the numerical derivative calculation. (a)

Random error (precision) in the numerical derivative are expressed by the relative standard deviation

of signal S. The plain and long dashed line are respectively obtained when no smoothing and two

smoothing steps are applied to signal S. The standard deviations used for the signal calculation is

consistent with the BX-10 tool installed at IMEC (σS = 7× 10−6). The short dashed line is obtained

without applying any smoothing step but considering a lower standard deviation on the experimental

signal (σS = 1×10−6). (b) Systematic error of the numerical derivative are expressed as the difference

between the mean (out of 60 experiments) numerical derivative and the true analytical derivatives.

If the second treatment (linear interpolation from Fig. 7.3) is further applied to
our synthetic data set, one can obtain the random error (precision) on Xj and Ndop.
Due to the nonlinear nature of the abacus, the precision depends on the mean Xj and
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7.2. The high vs low power derivative method

Ndop values (Fig. 7.8). For instance, the relative random error on Ndop for junctions
shallower than 20 nm is larger than 25 %. As the junction depth increases above 30 nm,
the random error decreases below 10 %. The precision also depends on the pump power
values at which the derivatives are extracted (not shown). The systematic error on Xj
and Ndop is very difficult to evaluate since it depends (besides the systematic error due
to the signal smoothing and differentiation) on the time-dependent charging effect (Fig.
5.9), the modeling of the abacus (Fig. 7.3a) and possibly other artifacts in the signal
acquisition.

The accuracy (total error) on the extracted Xj and Ndop depends on the magnitude
of both the random (precision) and systematic errors. It is difficult to evaluate since
accurate standards are not available for calibration. However we can have an estimation
of it by comparing data from SRP, SIMS and FPP measurements, as was shown in Fig.
7.5.

If we perform the same Monte Carlo experiments, but now assuming a signal stan-
dard deviation σS < 2 × 10−7 (35 times smaller than the present value in the BX-10
tool installed at IMEC), a sub-nanometer precision on the metallurgical junction depth
is obtained (σXj < 1 nm for Ndop > 3×1018 /cm3, 15 < Xj < 70 nm) and the standard
deviation on the active doping concentration is smaller than 1−4×1018 /cm3 depending
on the doping concentration range.

Figure 7.8: Monte Carlo simulations of the random error on Ndop (a) and Xj (b) expressed by

their standard deviations σNdop and σXj respectively.
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7.3 Direct optimization

In this section, we propose a third method to deconvolute active doping profiles assum-
ing that their shape is known and given by functions typical of the particular doping
process used (e.g. erfc for CVD, and gaussian for ion implantation). A typical doping
profile obtained by CVD can be modeled by a complementary error function (erfc) pa-
rameterized by three parameters, namely the surface doping concentration (N0

dop), the
junction depth (Xj) and a characteristic length (Lc) for characterizing the steepness of
the profile

Ndop(z) =
`
N0

dop

´
erfc((z −Xj)/Lc)/2 (7.5)

Note that Lc could have been fixed to a particular value since all CVD profiles a priori
have the same steepness. However, this steepness is not exactly known since SRP and
SIMS measurements tend to overestimate it. We therefore decided to let this parameter
free, as for N0

dop and Xj .
The fitting of a power curve, ∆R/RPi [Ndop(z)] (which is a functional of Ndop),

acquired at discrete powers Pi, i = 0, ..., Np, can be achieved by nonlinear optimization
on the three parameters, N0

dop, Xj and Lc, of the parameterized doping profile Ndop(z) =

Nerfc
dop (N0

dop, Xj , Lc; z). Practically, a Levenberg-Marquardt algorithm8 is used. This
algorithm minimizes the sum of the squares of the residues between the experimental
and simulated differential reflectances

Min

NPX
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«
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−
„
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Nerfc

dop (N0
dop, Xj , Lc; z)

i«
Pi

)2

(7.6)

Note that the measured powercurve, (∆R/RMeas)Pi , does not require any smoothing.
The simulated differential reflectances, (∆R/RSimul)Pi , are calculated by integration of
the Poisson equation for the electrical potential, assuming FQL and LIBL approxima-
tions. Convergence is reached in less than 100 iterations (each iteration lasts a few
seconds) when the initial parameter values are not too far from the converged solution.

Typical converged powercurves and their corresponding profiles are shown in Fig.
7.9-7.12. The fittings of the powercurves are quite good (right plots), though the ex-
perimental curves usually show smaller signals at low power and higher signals at high
power, which is consistent with the charging effect presented in Sec. 5.1 (Fig. 5.21). On
the left plots, the CI optimized active doping profiles are compared with SRP and SIMS.
Differences as large as 10 nm in CI and SRP junction depths can be observed. As for the
active doping concentration, their agreement is quite good, though it should be pointed
out that a given power curve can lead to different active doping profiles, depending on
the initial parameter guess. For instance in Fig. 7.10 (CVD1 2.14), profiles with active
doping concentrations of 2.5× 1019 , 4× 1019 and 1× 1020 /cm3, and junction depths of
respectively 68, 47, 39 nm have very similar power curves (the optimized curve depends
from the guess profile used to start the nonlinear optimization). This was expected con-
sidered the in-depth integral nature of the differential reflectance functional. However,
this problem could be solved by using a larger power range (to probe higher doping
concentrations), as will be shown in the next section.

8The routine lsqrsolve, available in Scilab, implements the Levenberg-Marquardt algorithm
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Figure 7.9: (Color). Three parameter fitting of CVD3 A sample set . Left: SRP active

doping profile (magenta), SIMS doping profile (cyan) and CI optimized doping profiles (black or

blue). Right: The optimized powercurve (black or blue curves) is shown on top of the experimental

powercurve (symbols). The powercurves corresponding to the SRP profile (magenta curve) and to an

undoped substrate (green curve) are shown as reference.

The correlation plots of CI and SRP (or SIMS) measurements (Fig. 7.13) are quite
improved as compared to the high vs low derivative method presented in the previous
section (Fig. 7.5). The Xj CI/SRP and CI/SIMS correlations (Fig. 7.13a-b) are as good
as for the previous method, but now, profiles deeper than 70 nm can also be deconvo-
luted, provided the initial guess is also deeper than 70 nm. The Ndop correlation plot
(Fig. 7.13c) has substantially improved and now shows a one-to-one correlation, though
a few data points are still substantially scattered. Globally, Ndop is underestimated by
CI which is consistent with an overestimation of the BGN. The sheet resistance cor-
relation is also quite improved though an error relative to SRP of ±50% is commonly
observed.

Since the modeling (BGN, lifetimes, ...) is the same as in the previous section, the
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Figure 7.10: (Color). Three parameter fitting of CVD1 A sample set. Left: SRP active

doping profile (magenta), SIMS doping profile (cyan) and CI optimized doping profiles (black or

blue). Right: The optimized powercuve (black or blue curves) is shown on top of the experimental

powercurve (symbols). The powercurves corresponding to the SRP profile (magenta curve) and to an

undoped substrate (green curve) are shown as reference.

improvement mainly comes from the reduced sensitivity to the charging effect of the
present method. Indeed, the experimental derivatives are smaller at low power (high
SRV) and larger at high power (low SRV) than if the SRV was kept constant (as in
the simulations). In the high vs low derivative methods, the experimental values of the
derivatives at low and high powers practically correspond to two different SRVs. As the
model used for drawing the correlation plot (Fig. 7.3) does not incorporate any change
in SRV during a powercurve measurement, an error is made. In the present method,
the powercurve is globally fitted so that the fitting does not exactly match the local
derivatives. If one looks closely, this is visible in Figs. 7.9 (CVD3 1.2), for example,
where we see that the derivative of the experimental curve (symbols) is lower at low
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Figure 7.11: (Color). Three parameter fitting of CVD2 D sample set. Left: SRP active

doping profile (magenta), SIMS doping profile (cyan) and CI optimized doping profiles (black or

blue). Right: The optimized powercuve (black or blue curves) is shown on top of the experimental

powercurve (symbols). The powercurves corresponding to the SRP profile (magenta curve) and to an

undoped substrate (green curve) are shown as reference.

power and higher at large power than the derivative of the fitted curve (black line), as
expected from the charging effect (Fig. 5.21). This results in a reduced sensitivity to the
charging effect and a subsequent improvement in the accuracy of the extracted profile.

In summary, this deconvolution method is functional and its accuracy could be dra-
matically improved if the charging effect could be eliminated and if the surface recom-
bination velocities were known, or even better, if they could be reduced to less9 than
1000 cm/s. The uniqueness of the solution (assuming a given profile shape) should be
guaranteed if the aforementioned charging effect could be totally eliminated and if the
fitting is converged down to the finest details of the power curve. For instance, we be-
lieve that if the powercurve was cleaned from its charging effect, even small differences
could effectively be used to disentangle, the three similar fitted curves shown in Fig.
7.10 (CVD1 2.14) corresponding to different profiles.

9We have seen in Sec. 5.2.4.2 that SRV smaller than 1000 cm/s does not influence the signal
anymore.
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Figure 7.12: (Color). Three parameter fitting of CVD2 A sample set. Left: SRP active
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7.4 Backward deconvolution by staircase doping
profile approximation

The deconvolution method presented in this chapter is based on an important property
of CI powercurves, which was first reported by Clarysse et al. in Ref. [52]: for non-
retrograde10 monotonic graded profiles, the depth at which the main reflection occurs,
i.e. where dN/dz is maximum, decreases as the substrate injection level increases. This
is illustrated in Fig. 7.14. This property is a consequence of the fact that the excess
carrier profile variation is enhanced when the substrate injection concentration is of the
same order as the doping concentration. In other words, at low illumination power, the
powercurve contains information mainly on the low doping part of the profile, while at
high power, it contains information on the high doping part of the profile. When the
profile is monotonic and non-retrograde, the low doping and the high doping parts of
the profile respectively correspond to deep and shallow depths.
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Figure 7.14: (Color). (a) Example of non-retrograde monotonic graded profile (dashed line)

and corresponding excess carrier concentration at different substrate injection levels (plain lines). (b)

Derivative of the excess carrier concentration, showing that the maximum of the derivative moves

closer to the surface (red lines) as the injection level increases. The depth at which the maximum

occurs is indicated near the red curve.

In order to make use of this interesting property to deconvolve non-retrograde graded
profiles, substrate injection concentrations of the same order as the doping concentration
are required. For a doping profile with a concentration in the range 1× 1018 — 3× 1020

/cm3, this means that pump powers in the range of a few milliwatts to hundreds of watts
are required, leading to the melting of the studied sample (Fig. 5.26). This approach
is thus unpractical. However, if short laser pulses11 (nano- or picoseconds pulses) with
a low enough repetition rate (kilo- or megahertz) were used instead of continuous wave

10The doping concentration is higher at the surface
11Ideally, the pulse should be long enough to let the carrier organize them-self in the electrical
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7.4. Backward deconvolution by staircase doping profile
approximation

illumination, thermal effects could be dramatically reduced, if not completely eliminated.
If the pulse duration is short enough so that both the carrier recombination and diffusion
can be neglected, the typical pump pulse energy needed to achieve the required injection
levels can easily be calculated. From Eq. 4.49, the fluence F (J/cm2) is given by,

F = I∆t =
hν G∆t

(1−R)α
(7.7)

where I is the irradiance (W/cm2), hν = 1.5 eV is the photon energy, R = 0.35 is
the sample reflectivity and α = 600 /cm is the absorption coefficient (the given values
correspond to λ=830 nm), G is the carrier generation rate (cm−3s−1) and ∆t is the
pulse duration (s). The excess carrier concentration generated at the end of the pulse
is given by G∆t and should reach 5× 1020 /cm3 in order to probe high enough doping
concentrations such as those encountered in future USJs. We can calculate the required
fluence F = 0.29 J/cm2 for a pump laser at λ=830 nm. This corresponds to a pulse
energy of 36 nJ considering a spot radius of 2 µm12. Lasers with such characteristics
are commercially available at a reasonable cost. Further, if the differential reflectance
(∆R/R in the range 10−5 — 10−3) can be measured with enough accuracy during the
pulse duration, a method for deconvoluting non-retrograde monotonic graded profiles
can be proposed.

The algorithm that we propose is illustrated in Fig. 7.15. The working principle
is as follows. The laser power P k is first set to achieve the maximum injection level
(k = N), say NN

b = 3 × 1020 /cm3. The profile is then approximated by a single box,
whose doping concentration is assumed to be equal to the injection level, i.e. NN

dop = NN
b

and whose junction depth XN
j is optimized such that the differential reflectance (at the

current power PN ) of the simulated signal matches the measured value. The laser power
is then lowered by one step13 (k = N − 1), corresponding to a lower substrate injection
level, say NN−1

b = 1 × 1020 /cm3, and a second box (deeper) is appended to the first
box of the doping profile, with NN−1

dop = NN−1
b and XN−1

j is optimized such that the

differential reflectance (at the current power PN−1) of the simulated signal matches the
measured value. The procedure is repeated untill the pump power is reduced to zero
(k = 1).

At this stage, we have a first estimation of the doping profile by means of a series of
N boxes, each being characterised by the couple {Nk

dop, Xk
j }. This first approximation

is usually quite good, though the surface doping concentration is usually overestimated.
In order to refine the doping profile, a second iteration can be carried out. This second
iteration is identical to the first one, except that the previously obtained profile is taken
into account during the optimization of Xk

j , corresponding to power k. Practically,

filed of the doping profile. Practically, it means that the pulse duration should be substantially
larger than the Debye time tDB = εε0/qNµ, which is typically 10−14 s or less for carrier con-
centrations above 1017 /cm3. Furthermore, if the pulse duration is smaller than the carrier
recombination time, surface recombination and bulk defect issues are also eliminated. Practi-
cally, a pulse in the range 10−13 s — 10−8 s could be used.

12If the pulse duration is 10−12 s, the corresponding pulse averaged irradiance is I = 2.9×1011

W/cm2.
13Practically, the smaller the step, the better the depth and doping concentration resolutions

of the extracted profile.

245



7. INVERSE PROBLEM

this second iteration mainly affects the doping concentration close to the surface, while
the deeper part of the profile (of lower doping concentration) is less affected. A third
iteration usually does not improve the doping profile anymore and in some cases even
degrades the low doping concentration part of the profile.

A few examples illustrating the quality of the deconvolution algorithm are shown in
Fig. 7.16. To test the algorithm, we start from a given known profile (i.e. the original
or true profile, shown in red), from which we compute the associated powercurve14

(red curve in the inset of the figure). Then the optimization algorithm tries to recover
the original profile by staircase approximation (blue curves). In Figs. 7.16a and b, the
original profile has a staircase shape, in Fig. 7.16c, the original profile is a Gaussian, and
in Fig. 7.16d, the profile is a shifted Gaussian (typical of an ion implantation process)
and is thus non-monotonic.

The two staircase profiles (Fig. 7.16a,b) are visually (log scale) well approximated
on average, though errors in doping concentration of up to 5× 1019 /cm3 are observed.
The optimized powercurve does not perfectly fit the original powercurve for substrate
injection smaller than 3 × 1019 /cm3 (see inset of the figure). More iterations do not
help to converge better. This means that our optimization algorithm is not yet able to
exploit all the information available in the powercurve, which is good news in a way, as
it shows that there is still room for improvement.

As for the Gaussian profile (Fig. 7.16c), it is very well approximated, though it
is not perfect. Indeed, the surface concentration is overestimated, which is expected
since we start from a substrate injection which is higher than the true surface doping
concentration (NN

dop = 3 × 1020 /cm3) and we know that CI is almost blind to doping
concentration variations at the surface due to the cosine response of the signal (Chap. 3).
The optimized powercurve perfectly matches the original powercurve, which also means
that all the information available in the powercurve has been used so that no profile
improvement can be expected even if the algorithm was refined. Practically, the limit
in precision depends on the noise in the differential reflectance and on the convergence
criterium used to decide whether or not the experimental and simulated reflectances
match.

The shifted Gaussian profile (Fig. 7.16d) is not correctly reconstructed, which is
evident as the algorithm explicitly assumes that the profile must be non-retrograde and
monotonic. Nevertheless the optimized profile still catches something from the original
profile. In principle, the optimization algorithm could be refined such as to relax the
assumption of monotonicity. It is however almost certain that the uniqueness of the
solution will not be guaranteed. In order to guarantee the uniqueness of the solution, one
could imagine to simultaneously optimize on a series of powercurves acquired at different
probe wavelengths. This however strongly complicates the practical implementation of
the measurement apparatus.

14FQL/LIBL approximation is used to compute the powercurve and the temperature contri-
bution is neglected.
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approximation

Figure 7.15: Schematic of the backward deconvolution algorithm by staircase doping profile

approximation. The diagram on the top part of the plot describes the algorithm itself, while the

bottom part illustrates the doping profile reconstruction as the algorithm proceeds, as explained in

the text. k is the power index and N is the total number of power steps.
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Figure 7.16: (Color). Backward deconvolution by staircase doping profile approximation of

typical doping profiles. (a,b) Staircase profiles. (c) Gaussian profile. (d) Shifted Gaussian pro-

file. The insets show the powercurve corresponding to the doping profiles. The original profiles and

powercurves are drawn in red while the optimized profiles are drawn in blue.
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7.5 Conclusion

This final chapter on the inverse problem is essential in a document describing a mea-
surement technique as it teaches us how good the technique can deconvolute typical
active doping concentration profiles. It also helps validate the modeling developed in
the previous chapters. Indeed, if the modelling was too far from reality, no correlation
with existing techniques would have been obtained.

We have developed a few methods of increasing complexity. The first two methods,
exploiting only two features of the power curve are not very accurate but have the benefit
to teach us the origin of the shape of a power curve as a function of the profile junction
depth and doping concentration. The third method, based on the direct fitting of the
powercurve is more accurate than the first two ones.

Several issues have been highlighted. The charging effect, uncertainties in the sur-
face (and layer) recombination rates and insufficiencies in the accuracy of the bandgap
modeling, all have a negative impact on the precision and accuracy of the deconvolution.
But the main issue is the difficulty to provide a unique solution especially if the shape of
the profile is not a priori known. In order to open ways for resolving this last issue, we
developed a method based on backward deconvolution by staircase doping profile approx-
imation. Though this method could not be tested with real measurements, as it relies
on an apparatus that is not practically implemented (it requires a high power pulsed
laser), it would allow to deconvolute non-retrograde monotonic active doping profiles
eliminating the issue of the non-uniqueness of the solution. For arbitrary profiles (not
necessarily monotonic), we however have no obvious solution.

249



7. INVERSE PROBLEM

250



Chapter 8

Conclusions

We have developed the theory of photo modulated optical reflectance (PMOR) for the
characterization of ultra-shallow junctions (USJs) in silicon. The theory has been deeply
assessed by comparing it with Carrier IlluminationTM (CI) measurements on Boron
doped CVD box-like profiles, and methods have been developed to extract active doping
profiles from CI power curves. The work has been divided into two sub-problems, the
direct and the inverse problem.

The direct problem

The direct problem consisted in identifying all the relevant physical processes in
order to reproduce the behavior of the experimental power curves, i.e. the differential
reflectance as a function of pump power, of Boron doped CVD profiles. This lead to
the development of a series of models including an optical part for the calculation of the
differential reflectance, and a material part based on the drift-diffusion and heat equa-
tions, respectively for the calculation of the carrier and temperature distributions. The
optical (complex refractive index) and the material (electron and hole concentrations,
and temperature) properties were connected through electro-optics and thermo-optics
material laws.

The optical modeling, for computing the reflectance and the differential reflectance
from an arbitrary refractive index profile, has been developed so as to consider various
degrees of complexities: real vs complex refractive index material, first order vs multi-
reflection and compact expression vs numerical solution. Three methods were derived.

First, the first order reflection method is a straightforward application of Fresnel’s
law at normal incidence on a multi-layer medium, assuming the refractive index is real
and is a weak perturbation of the mean index. For silicon this method is valid in the
NIR range, where the extinction coefficient is negligible, and corresponds to the laser
wavelengths used in our CI setup (830 nm and 980 nm). This approximation is valid to
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study typical USJs on uniformly doped substrates but does not directly allow to study
high index contrast substrates (e.g. SOI substrates ). The obtained expression of the
differential reflectance on box-like profiles is very compact and allows to easily interpret
the signal behavior as a function of the profile parameters. This formulation has often
been used all along this thesis in order to explain the behavior of the signal.

Second, the transfer matrix method, also based on Fresnel’s law, alleviates the restric-
tion on the weakness of the refractive index variation, and further allows the refractive
index to be complex. This formulation was practically always used for quantitative cal-
culation in this thesis as it provides slightly more accurate results than the previously
described method (first order reflection). It is however not suited to obtain insight into
the signal behavior.

Finally, the Maxwell wave equation based method can be seen as the complex gener-
alization of the first order reflection method. It is less general than the transfer matrix
method as it is limited to weak index perturbations but its main advantage is that so-
lutions for typical profiles can be written as compact expressions, which allows to easily
interpret the behavior of the reflectance as a function of wavelength (over the full FIR-UV
range) and doping profile parameters.

From the Maxwell wave equation formulation, interesting conclusions have been
drawn on the ability to extract box-like doping concentration profiles depending on the
wavelength range (FIR-IR, NIR-VIS, VIS-UV), using either equilibrium (e.g. reflectom-
etry) or pump-probe (e.g. PMOR) techniques. Although the purpose of this thesis was
to cover the PMOR technique only, it was worth considering equilibrium techniques as
well in order to understand what equilibrium techniques lack and therefore to justify
the need for a pump-probe technique (PMOR).

In equilibrium techniques, there is no pump modulation so that the only available
signal is the dc component of the reflectance. We have shown that by combining the
signal at two wavelengths in the FIR-IR range, the active doping concentration (N) and
the junction depth (Xj) could be extracted independently (assuming a given mobility
in the doped layer). This interesting property was a priori unexpected since the wave-
length λ in the FIR-IR range is much larger than Xj . We have shown that this was
actually made possible due to the different response of the real and imaginary parts of
the refractive index with respect to the wavelength (λ2 and λ3 respectively for the real
and imaginary parts), though practically, the precision of the extraction is rather poor.
As for the dose (N ×Xj), we have shown that it could be extracted with a much better
precision.

Using shorter wavelengths (NIR-VIS or VIS-UV range), comparable to the probed
layer thickness Xj , enhances the capability of the independent extraction of profile
parameters but at the expense of a weaker signal (∝ λ2), which is buried into the noise.
This is the main reason why PMOR techniques have been considered. Indeed, using
a pump-probe technique with lock-in detection (the probe reflectance is detected at
the pump modulation frequency) allows to recover a signal buried into the noise, so
that the shortest wavelength ranges (NIR, VIS, UV) can now be used. Unfortunately,
by introducing the modulated pump in the measurement, one cannot directly obtain
the free carrier concentration at equilibrium or the active doping concentration (which
indirectly gives the free carrier concentration through Poisson’s equation) anymore. A
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material modeling step, linking the excess carrier concentration to the sought active
doping concentration, is necessary (carrier transport). This material modeling step is
the second part of the direct problem and was by far the most complex problem to solve
in this thesis.

The material modeling has been carried out in the framework of the drift-diffusion
and heat equations. It appeared that the commercially available software was unable to
solve our problem. The two main issues were the buggy treatment of the lattice temper-
ature when the system is illuminated by an above-bandgap source, and the absence of a
free carrier concentration dependent band gap narrowing model (like Schenk’s model).
We thus decided to implement our own code to solve, in a first step, the diffusion (no
drift) equations for the excess carriers and the temperature and, in a second step, the
full drift-diffusion equations1. In the injected substrate, which extends tens of microns
under the surface, the excess carrier concentration is a subtle balance between gener-
ation, recombination, diffusion and band gap narrowing (BGN) induced drift currents.
The behavior is different in the highly doped ultra shallow layer (sub-100 nm), where
diffusion, volume generation and to some extent volume recombination processes do not
influence substantially the excess carrier concentration. Actually, the excess concentra-
tion in the doped layer is mainly determined by electrostatics through the space charge
region, and therefore also indirectly by the BGN. This BGN has generated a lot of
questioning during this thesis, as using a model which is independent from the free car-
rier concentration (like Slotboom’s model, which is broadly used in CMOS simulations),
leads to inconsistent results when compared to experiment. The incorporation of a free
carrier concentration BGN model (Schenk’s model) in the simulations, helped to resolve
these inconsistencies quite drastically. Globally, for layers showing a good activation
(above 50%), our modeling is able to reproduce the experimental power curves quite
well, up to features appearing in their second derivative.

The relative independence on the transport properties of the excess carrier concen-
tration in the doped layer can been explained by the flatness of the quasi-Fermi levels
(FQL approximation) and the invariance of the bulk quasi-Fermi levels on the doped
layer properties (LIBL approximation), consequence of the very large injection volume
in the substrate as compared to the volume of the doped layer.

However, we have shown that when the layer doping concentration increased above
1020 /cm3, or when the surface or the total volume recombinations in the layer increased
with respect to the total volume recombinations in the substrates (for instance due to
disorder in the layer induced by inactive dopants), both FQL and LIBL approxima-
tions stop being valid. This has been further confirmed in a recent publication [23] as
an increase in the inactive dopant dose, leading to high volume recombinations in the
layer. Roughly speaking, FQL and LIBL approximations cease being valid when the
diffusion length in the layer becomes smaller than the layer thickness. In other words,
the shallower the layer and the more active the layer (low disorder), which is precisely
the kind of layers we are interested to characterize, the better the validity of FQL and
LIBL approximations. This has an interesting consequence, as it allows to decouple the

1For which I am deeply indebted to Janusz Bogdanowicz, whose contribution to the writing
of the code has been very precious.
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doped layer dynamics from the substrate dynamics. Practically, the quasi-Fermi levels
computed on a homogeneously doped substrate can be used as an invariant input (in-
dependent of doping profile) for solving the one-dimensional Poisson equation for the
electrical potential across the doped layer and at arbitrary positions in the radial direc-
tion (as long as the substrate is in high injection at this position in the substrate). This
drastically decreases the computational time, and is of great use for solving the inverse
problem.

Two important limitations of the present implementation of PMOR can be raised.

First, we have shown that in order to resolve highly doped layers, the injected sub-
strate excess concentration must ideally be of the same order of magnitude as the layer
active doping concentration. This is the origin of the fundamental limitation in the
present CI implementation of PMOR, which uses a sine modulated pump laser, with a
duty time of 50% (the effective ”on” time is equal to the ”off” time). Such a high duty
time induces a considerable increase in temperature resulting in an indesirable PMOR
signal competing with the carrier signal. At higher injection (> 1019 /cm3), the free
carrier absorption starts to overcome the band-to-band absorption, which makes the ex-
cess temperature increase faster than the excess carrier concentration, and consequently
reduces the carrier-to-temperature signal ratio. At even higher injection, heating will
induce permanent sample property modifications (dopant diffusion, defect annealing, ...)
and will eventually cause the sample to melt before reaching a substrate injection of 1020

/cm3.

Second, the quasi-static regime at which CI operates (modulation frequency is 2
kHz), makes the system very sensitive to both volume and surface recombinations, which
makes the substrate injection dependent on the a priori unknown bulk or surface defects.
To make things even more complex, we have shown that the surface recombinations were
time dependent due to the charging of the silicon surface (alway covered by an oxide,
native or deposited). However, in the assumption that the Fermi-levels are flat, the
sensitivity to recombinations could be partially circumvented if the substrate excess car-
rier concentration could be measured independently (since the lowly doped substrate
is always in high injection, the Fermi-level can be directly determined). Nevertheless,
too high a surface recombination would cause the Fermi-level to bend, in which case a
measurement of the substrate excess carrier concentration would be anyway insufficient.
Working with a higher modulation frequency such that the recombination lifetime be-
comes negligible with respect to the modulation period, is not a solution either since the
excess carrier concentration is a nonlinear function of the pump power, which implies
that the substrate dc optical bias strongly influences the ac signal (i.e. the PMOR sig-
nal). In other words, even at high modulation frequency, the signal is dependent on the
bulk and volume recombinations.

In order to circumvent both limitations (high temperature and sensitivity to recombi-
nations), as future work, we propose to use a short pulsed illumination (sub-nanosecond)
with a ”low” repetition rate (<10 MHz) and a fast gated detection scheme, instead of a
modulated illumination. This would considerably decrease the duty time (<1%), hence
decreasing the dc component of the signal and consequently reducing the impact of both
temperature and recombinations.
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The inverse problem

The inverse problem consisted in investigating on methods to reconstruct the active
doping profile from CI power curves. The ability to reconstruct accurate active doping
profiles depends on the modeling used for solving the direct problem, since the inverse
problem is actually solved by iterating on the direct problem. Further, the active doping
concentrations that can be probed range from about 5 × 1017 /cm3 to 8 × 1019 /cm3

with the CI apparatus. Actually, the precision strongly decreases when reaching these
limits, so that the practical range is even more reduced. The low range end is essentially
limited to the precision in the measurement of the differential reflectance. Indeed, low
active doping concentrations involve low pump powers and subsequently low injections,
which leads to small signals, even too small for being detected by a lock-in technique.
Of course, this could be improved by increasing the stability of the laser power and
the precision of the detector as well as reducing all possible sources of noise in the
environment. As for the high range end, it is limited by the maximum power of the
pump, but practically it is limited by the maximum temperature allowed in order not to
affect the sample properties permanently, and, in the extreme limit, in order to prevent
the sample to melt.

We have developed three methods for solving the inverse problem. For all methods,
the direct problem is solved assuming FQL and LIBL approximations, based on substrate
quasi-Fermi levels calculated using the 3d-axisymmetric finite-element method.

The first inverse problem method makes use of two features of the power curve
in order to extract the active doping concentration and the junction depth of a box-
like doping profile. This method has the advantage of being inexpensive in terms of
computational time, and further allows to manually obtain N and Xj by making use
of a pre-calculated chart (abacus), though a different chart is needed depending on the
assumed shape of the active doping profile (box-like, gauss, ...). Two pairs of features
have been assessed in our work, namely the power curve inflection power and the signal
at an arbitrary power for the first pair, and the signal derivatives at low and high powers
for the second pair. Using the first pair of features (i.e. inflection power vs signal) did
not prove practical due to the fact that an inflection power does only exist for a limited
range of doping concentrations and junction depths. Furthermore, the calculation of the
second derivative in order to obtain the inflection point introduces a loss of accuracy due
to noise in the signal. Using the second pair of features (i.e the power curve derivative
at low and high powers), however, allows to extract the active doping concentration and
the junction depth in the full range, since, unlike the inflection point, the first derivative
of a power curve always exists. The method only provides limited accuracy due to the
charging effect, which strongly influences the power curve derivative, but, nevertheless,
permits to get a rough estimation of N and Xj .

The second method makes use of a non-linear optimization algorithm (Levenberg-
Marquardt), to optimize a set of parameters shaping a particular function representing
the doping profile. The function can a priori be anything, like a stair case, a Gaussian,
an error function (erfc), etc. We restricted our analysis to the erfc, which is particularly
suited to represent slightly diffused box-like profile, such as obtained with CVD. The
erfc is controlled by three parameters, the surface doping concentration, the junction
depth and the profile steepness. The advantage of this method as compared to the pre-
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vious one, is that the entire power curve is considered instead of two particular features.
We have shown that this considerably reduces the uncertainty and slightly reduces the
dependence on the charging effect. However, the uniqueness of the solution is not neces-
sarily guaranteed. The deconvoluted junction depths and active doping concentrations
correlate with scanning resistance probe (SRP) and secondary ion mass spectroscopy
(SIMS) measurement though a maximum deviation of ±10 nm in the junction depth
and an error of up to 50 % in the active doping concentration can be observed. These
discrepancies are not surprising considering the sources of uncertainties in both PMOR
(assumptions on modeling, charging effect, volume and surface defects), SRP (impact of
surface states) and SIMS (providing no information on activation).

The third method is based on backward reconstruction assuming staircase doping
profiles. Although this method does not allow to deconvolute CI power curves, it could
possibly be used to deconvolute power curves acquired with a much higher injection level
(up to 3 × 1020 /cm3 compared to the 5 × 1018 /cm3 in CI), as in the aforementioned
proposed system using a short pulsed pump. The method takes advantage of the fact
that only doping features of about the same concentration as the substrate excess car-
rier actually contribute to the PMOR signal due to the fading out of the space charge
in the less doped regions. Assuming non-retrograde (doping higher at surface than in
substrate) monotonic doping profiles, the active doping profile can be uniquely recon-
structed starting from the surface towards the substrate by sweeping the pump from
high to low power. The proposed algorithm could be improved in order to deal with
non-monotonic profiles (completely arbitrary profiles) if multiple laser wavelengths were
used.

Outlook and future work

Supplementary work would be necessary in several respects, concerning, first (i)
the improvement of the modeling of CI in its current configuration, second (ii) the
improvement of the metrology setup in order to eliminate the surface charging effect, and
finally (iii) deep modifications of the metrology setup and reassessment of the associated
direct and inverse problems for the reconstruction of arbitrary active doping profiles.

(i) In order to limit the complexity and the length of the thesis to an acceptable level,
processes with a lower impact on the signal have been neglected. For example, concern-
ing the optical modeling, we have shown that the effect of the carrier decay length in the
lateral direction could account for up to 20 % variations in the differential reflectance,
but this effect has been neglected when comparing experiment with theory. Other phe-
nomena, such as the variation of the refractive index by state-filling and by band gap nar-
rowing (bandgap renormalization) in inter-band transitions (band-to band transitions),
have also been neglected. Even though the intra-band effect (i.e. Drude) dominates,
state-filling and band-gap renormalization may account for non-negligible contributions
in the refractive index variation, especially at higher powers [170]. Concerning the mate-
rial modeling, the free carrier absorption effect has been neglected because the substrate
injection in CI is low enough. If higher injections had to be considered - and we have
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seen that higher powers are mandatory for probing higher active doping concentrations
(above 1× 1020 /cm3) - all these phenomena would have to be accounted for. The band
gap narrowing at high injection will require a particular attention. The task is how-
ever non trivial as no compact model is available today for its description. The model
developed by Schenk will have to be reassessed to deal with higher injections.

We would not be complete if we did not mention the ongoing work on the modeling
of the carrier transport at pump frequencies well above the kHz region - when the
quasi-static regime approximation cannot be assumed anymore. We have shown that
the problem could be numerically solved with a reasonable computational effort for a
uniformly doped substrate but neglecting the quasi-drift currents induced by band gap
narrowing. Recently, it has been shown that the quasi-drift currents could also be taken
into account without much computational effort[25].

(ii) We have shown that the surface charging effect had a non negligible impact on
the differential reflectance through the effect it induces on the surface recombination
velocity. This strongly affects the reproducibility and the accuracy of the measurement.
Bloch et al [21] have shown that the charging effect was mediated by oxygen in the
ambient. Consequently, it seems reasonable to assume that making the measurement
under low oxygen pressure, e.g. under a nitrogen flow, could drastically enhance the
reproducibility of the measurement. The accuracy could also be improved, if the surface
recombination velocity of the sample would be known, or even better if it could be
reduced below 1000 cm/s, by passivating the surface (e.g. using corona charges).

(iii)We believe that the deconvolution of arbitrary and highly doped profiles will only
be possible if the impact of volume and surface recombinations could be eliminated.
Recombinations represent a double inconvenient. First they render the substrate injec-
tion strongly dependent on the surface and volume defect densities, which affects the
accuracy of the measurement. Second, recombinations generate a lot of heat, and would
even cause the sample to melt at the injection levels that are required to probe dop-
ing concentrations above 1020 /cm3. This means that the instrumentation has to be
redesigned from scratch, at least if the goal is to probe high concentration active doping
profiles. Regarding the instrumentation, this should be possible by using a high power,
ultra-short pulsed pump (0.1 to 10 ps), and most probably several probe wavelengths in
the visible (around λ = 500 nm for probing sub-35 nm junctions). This is technologically
becoming possible due to the appearance of cheap nano- to femtosecond pulsed lasers
(pump) and supercontinuum sources (probe). Regarding the modeling aspect, further
work will be needed as discussed in point (i). Furthermore, the carrier dynamics on a
short time scale, i.e. carrier-carrier scattering and carrier-phonon scattering, the depen-
dence of the carrier mass with respect to their temperature, an other non equilibrium
phenomena [192, 170] will have to be deeply investigated
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Appendix A

APPENDIX

A.1 BX10 data

In this appendix, we describe the output of a CI BX10 data file (.dat) resulting from a typical
power curve experiment. Although this information could simply be part of an internal company
procedure, we find it convenient to write it as part of the thesis to point out the difficulties we
encountered to obtain quantitative data. Furthermore, this information will be useful for anyone
following up with experiments on the BX10.

A.1.1 BX10 output file description

For each site (x,y position on the wafer) measurement, a table as follows is written down by the
BX10 software

· · · [General information (site position, pump laser current range and increment, probe laser current, pump
modulation frequency, lock-in sensitivity, ...)] · · ·

Laser Power LaserPowerMonitor Laser Current Normalized R1 RawR1 R2

4.050381 0.000000 24.631000 387.670914 2060.00 48.055116
8.507918 0.000000 28.627000 983.450237 5175.00 139.631846
12.982189 0.000000 32.638000 1839.447187 9595.00 17.227306
17.457575 0.000000 36.650000 2917.851318 15130.00 89.763330

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
93.404162 0.000000 104.733000 24218.672919 124100.00 961.102318
97.878432 0.000000 108.744000 25308.054526 129690.00 1166.923286
· · · Theta1 Theta2 Focus DC DC 2

· · · -177.375000 12.330000 4.955687 5.528501 5.526994
· · · 174.125000 118.500000 4.961242 5.528501 5.525407
· · · 178.755000 133.135000 4.947752 5.528501 5.524613
· · · -177.360000 91.005000 4.956481 5.528501 5.524217

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
· · · -177.530000 34.245000 5.117160 5.528501 5.522233
· · · -177.300000 44.275000 5.120731 5.528501 5.522233
· · · Signed FocusOffset IRCurrent Status Primary

· · · 387.670914 0.000000 299.971000 0 387.67
· · · 983.450237 0.000000 299.971000 0 983.45
· · · 1839.447187 0.000000 299.971000 0 1839.44
· · · 2917.851318 0.000000 299.971000 0 2917.85

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
· · · 24218.672919 0.000000 299.986000 0 24218.67
· · · 25308.054526 0.000000 299.971000 0 25308.05

where the data in each column has the following signification
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� Laser Power: the pump laser power in the BX10 is reported in mW. However, due to a
bad calibration factor in the software of the BX10 apparatus, the effective power in mW
is obtained by multiplying the indicated value by 0.588. So, the value 97.9 corresponds to
an effective power of 57.6± 0.1 mW (power which was measured at the wafer plane by a
power meter). The power in the BX10 software is actually calculated with the following
formula

Laser Power[mW ] =
“
Current[mA]− Threshold[mA]

”
× Slope Efficiency[mW/mA]

× XCalFactor (A.1)

In the BX10, the coefficients in the formula are set to Threshold = 21 mA,
Slope Efficiency = 0.97 mW/mA, XCalFactor=1.15. and do not correspond to the ac-
tual pump power at the sample plane. The correct values are Threshold = 21 mA,
Slope Efficiency = 0.65 mW/mA, XCalFactor=1.0 corresponding to 57.6 mW at 110 mA
as measured after the installation of the BX10 at IMEC. I however decided to keep the
original (however wrong) setting values in the BX10 in order to be able to directly com-
pare the data files which were acquired by the people of my group before I started my
PhD and the data I acquired myself during my PhD. The data is then post-processed by
a scilab procedure in order to correct the power.

� Laser Current: the pump laser current in mA. Acceptable currents are in the range
22-110 mA.

� Normalized R1: a historical attempt to normalize the first harmonic response. The nor-
malization procedure is described in the next section. Those values are available via the
BX10 software graphical interface under the name unsmoothed signal in µV . The units
are actually wrong, it should actually be µV/V . This value should not be used anymore.

� RawR1: first harmonic value output of the lock-in (µV ). Typical value for USJ ranges
[−1.5× 105, 1.5× 105]µV

� R2: second harmonic value output by the lock-in (µV ).

� Theta1: corrected phase shift of the first harmonic signal (deg). If the signal is in phase
with the pump, a value close to 0o or ±180o is obtained. Note that due to noise rectifi-
cation in the R1 channel, the phase angle reported when RawR1 < 104µV is inaccurate.

� Theta2: phase shift of the second harmonic signal (deg). It is too noisy to be usable.

� DC: the dc component when the pump is off (V ). The value is reported at each power but
is actually measured only once before acquiring the power curve.

� DC 2: the dc component when the pump is on (V ).

� Signed: the signed version of Normalized R1 (µV ). It is used in all conference and
literature IMEC papers on CI up to year 2005. One should not use this value anymore.

� IRCurrent: current of the probe laser (mA).

� Primary: a copy of Signed. This is the primary signal in a power curve acquisition mode.
One should not use this value anymore.

A.1.2 Normalized R1 legacy calculation
The Normalized R1 (µV/V ) signal in BX10 is calculated as follows

NormalizedR1 =
n RawR1

DC
DCFactor

− Ghost

−(HeatingFactor× RedLaserPower× XCalFactor)
o

×YCalFactor
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RawR1 DC Leg. Norm. Sig. Corr. Norm. Sig.
(µV) (V) (adim) (adim)

(Gac=32) (Gdc=1) Wrong. ind. in µV

Def. RawR1
DC

∆R/R = G
√

2×RawR1/32e6
DC

= G×
√

2× R1oR

Ex. 1e5 5 1e5/5 = 2e4 G×
√

2× 1e5/32e6/5 = G× 0.0008839

Table A.1: Formulas to compute the differential reflectance (∆R/R). “Def.” and “Ex.” stand for

definition and example respectively. The gain G is of the order of 1 but its exact value is not known.

The value R1oR is the one returned by our Scilab BX10 post-processor.

where DCFactor = 1, Ghost = 0.014 V, HeatingFactor = 6, XCalFactor = 1.15, YCalFactor =
1.10. The Ghost parameter is the signal which exists when the probe laser is off. It accounts
for less than 0.3 % of a typical DC signal (5.5 V) and is therefore too small to worry about. The
value of the second term in the bracket is atmost 690 µV/V , which is higher than the noise
level (100 µV/V ). Actually, the HeatingFactor was historically attributed to some heating in
the optics but this reason was rejected later. It is currently believed that the heating factor
effect is actually a rectification in the lock-in caused by the use of a lock-in in Rθ-mode In this
mode, it is indeed impossible to obtain a zero amplitude (RawR1) due to error additions. It is
therefore wise to ignore this term. Furthermore, an artifact like the charging effect causes a
larger signal deviation. Therefore, we consider that the correction factors are useless and only
introduce confusion. The following simplified expression essentially leads to the same result

NormalizedR1 =
RawR1

DC

However this normalization does not make much sense since the gain factor used for acquiring
the RawR1 and DC signals are different. In Sec. 3.1, we explain how the differential reflectance
(∆R/R) is calculated from the measured ac and dc signals. The link between the BX10 data
file and ∆R/R is summarized in Tab. A.1.

A.1.3 Laser power uncertainty
The uncertainty on the laser power was measured with a calibrated photodiode using a neutral-
density filter. The results are reported in Fig. A.1. As can be seen, the power uncertainty is
< 0.2 mW for powers ranging from 5 to 30 mW.

A.2 Reference phase calculation
We first suppose that the sample does not introduce any phase shift so that φ1 = 0 (quasi-
static regime). We also suppose that the first harmonic signal S1 (Sec. 3.1) is composed of two
contributions in-phase with one another, but of different amplitudes. Considering the apparatus
phase (φapp) and the calibration phase (φcal), the signal reads

S1 = A cos(ωµt+ φapp + φcal) +B cos(ωµt+ φapp + φcal)

= I cosωµt+Q sinωµt (A.2)

where

I = cos(φapp + φcal)(A+B) (A.3)

Q = − sin(φapp + φcal)(A+B) (A.4)
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Figure A.1: Uncertainty on the laser power for a given input laser current. Left: red laser. Right:
infrared laser. The systems (apparatus) mentioned on the figure are similar to the BX10 system.
Courtesy of Applied Material.

In the I-Q plane (eliminating A+B), this corresponds to

Q = − tan(φapp + φcal)I (A.5)

which is a line passing through the origin, the slope of which can be chosen by changing the
calibration phase φcal. If we chose φcal = φapp, we have Q = 0. However, as can be seen on the
Q(I) plot in Fig: A.2, the line does not pass through the origin. It indicates that the two signals
composing S1 are not perfectly in phase (φ1 6= 0), but that the phase is constant (independent
from the sample being measured) within the noise level (φ1 is constant and small).

Figure A.2: Q-I plot for a set of different samples aquired at some given power. The phase was
already roughly calibrated but a rotation of 1.9o is still necessary in order to obtain a flat Q(I) curve.
Plot from Boxer-Cross. The data was acquired with a xy-mode lock-in at Boxer-Cross.

If we now suppose that the phase shift φ1 is not negligible, the total signal composed of two
signals (e.g. plasma and temperature) shifted by a phase φ1 reads:

S1 = A cos(ωµt+ φapp + φcal) +B cos(ωµt+ φapp + φcal + φ1) (A.6)

= I cosωµt+Q sinωµt
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where

I = A cos(φapp + φcal) +B cos(φapp + φcal + φ1)

Q = −A sin(φapp + φcal)−B sin(φapp + φcal + φ1) (A.7)

In the I-Q plane this corresponds to a line shifted by a quantity which depends on φ1:

Q = − tan(φapp + φcal)I

−B
“

sin(φapp + φcal + φ1)

− tan(φapp + φcal) cos(φapp + φcal + φ1)
”

(A.8)

Ideally, we want to make the Q component as flat and as close to zero as possible. The best we
can do is to set φapp = φcal so that the Q(I) line is rotated and becomes flat (independent of I):

Q = −B sin(φ1) (A.9)

In Fig. A.2, the fitted line has still to be rotated by 0.0332× 180/π = 1.9o in order to become
flat.

In the CI BX-10 tool available at IMEC, the calibrated Q(I) plot (φcal = 35o) for a set
of homogeneously doped samples in the range 1015 − 5 × 1019 /cm3 is shown in Fig. A.3. It
was not possible to perfectly cancel Q. However Q is about 6000 µV (the noise level is 500 µV )
independently from the samples, which have a priori very different plasma and temperature
behaviors. This indicates either that B sin(φ1) is a physical constant of the samples or that
a constant ghost signal is present. The maximal I value usually obtained when measuring
conventional USJs is of the order of 1.5× 105µV or less. Since the Q signal is constant at about
6× 103µV , an impact on the amplitude of at least 4% is to be expected.
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Figure A.3: Raw Q-I plot for a set of homogeneous substrate acquired at the CI BX-10 maximum
power. The phase is already calibrated (φcal = 35o).
Samples: db1.MEMC 1.id {1-8}. See App. A.16.

Note that the amplitude of a signal composed of two signals shifted by a phase φ1 reads

Atot =
p
A2 +B2 + 2AB cosφ1 (A.10)
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The amplitude Atot can still vanish for some particular value of A and B (both are > 0) if
cos(φ1) < 0 if the condition

A = B(− cos(φ1)± sin(φ1)) (A.11)

is satisfied.

A.3 n,k, κ1, κ2

Since ñ2 = (n+ ik)2 = κ̃ = κ1 + iκ2, we have

n2 − k2 = κ1 (A.12)

2nk = κ2 (A.13)

from which n and k can be direclty expressed as

n =

r
1

2
(κ1 +

q
κ2

1 + κ2
2) (A.14)

k =

r
1

2
(−κ1 +

q
κ2

1 + κ2
2) (A.15)

When κ2 << κ1, the following approximated fomulas hold

n '
√
κ1 (A.16)

k ' κ2/2n (A.17)

A.4 Fundamental relations at interface
In this appendix we compute the relation between the reflection and the transmission coefficients
(r, r′, t, t′) at the interface between two media or at a beam splitter interface (Fig. A.4).
Although the interface between two media and a beam splitter are different kinds of objects,
their reflection and transmission coefficients can be treated in the same way. At the interface
between two media, r, r′, t, t′ depend on n1 and n2, while for a beam splitter, they depend on
the thickness and refractive index of the beam splitter itself.

The relation between the input and output amplitudes is

Ea = rE1 + t′E2, Eb = tE1 + r′E2 (A.18)

The total incident intensity must be equal to the total output intensity, and using Eq. A.18, we
obtain

n1|E1|2 + n2|E2|2 = n1|Ea|2 + n2|Eb|2

=
`
n1|r|2 + n2|t|2

´
|E1|2 +

`
n2|r′|2 + n1|t′|2

´
|E2|2

+ 2<
ˆ
(n1r

∗t′ + n2r
′t∗)E∗1E2

˜
(A.19)

This equation must hold for all possible values of E1 and E2, therefore yields to the following
relations between r, r′, t and t′:

n1|r|2 + n2|t|2 = n1

n2|r′|2 + n1|t′|2 = n2

n1r
∗t′ + n2r

′t∗ = 0 (A.20)
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Figure A.4: a) Beam splitter b) Interface between two media of complex refractive
index n1 and n2 Both the beam splitter and the interface between two media are
characterized by their coefficients r, r′, t and t′, which are not independent.

Furthermore, solving Eq. A.18 for E1 and E2 we obtain

E1 =
t′Eb − r′Ea
tt′ − rr′

, E2 =
tEa − rEb
tt′ − rr′

(A.21)

Again, the total incident intensity must be equal to the total output intensity, and using Eq.
A.21, we obtain

n1|Ea|2 + n2|Eb|2 = n1|E1|2 + n2|E2|2

=
1

tt′ − rr′
“ `
n1|r′|2 + n2|t|2

´
|Ea|2

+
`
n1|t′|2 + n2|r|2

´
|Eb|2

− 2<
ˆ
(n1t

′r′∗ + n2rt
∗)E∗aEb

˜ ”
(A.22)

This equation must hold for all possible values of Ea and Eb, therefore yielding the supplemen-
tary relations between r, r′, t ant t′

|tt′ − rr′|n1 = n1|r′|2 + n2|t|2

|tt′ − rr′|n2 = n1|t′|2 + n2|r|2

n1t
′r′∗ + n2rt

∗ = 0 (A.23)

Combining the last lines of Eqs. (A.20) and (A.23), we immediately obtain

|r′| = |r|
|t′| = |t| (A.24)

Using these two last relations together with the two first lines of Eqs. (A.20) and (A.23) yields

|tt′ − rr′| = 1 (A.25)
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Equations (A.24) and (A.25) implies that we can write r, r′, t and t′ as

r = eiα sin(β), r′ = eiδ sinβ (A.26)

t = eiχ cos(β), t′ = eiγ cosβ (A.27)

where χ = α+ δ − γ ± pi and δ = ±π − α. In summary we can write„
t′ r
r′ t

«
=

„
eiγ cos(β) eiα sin(β)
−e−iα sin(β) e−iγ cos(β)

«
For a 50:50 beam splitter, the reflection and transmission coefficients R = |r|2 and T = |t|2
must be both equal to 1/2 so that β = π/4.

In the case of Fig A.4b, corresponding to the interface between two media of different
refractive indices, the reflection and transmission coefficients can be expressed in function of
the media refractive indices. Assuming E2 = 0 (no light entering from medium 2), the continuity
of the amplitude at the interface reads

E1 + Ea = Eb

so that Eq. (A.18) becomes

Ea = rE1, Eb = tE1

Combining these two equations with the energy conservation relation (Eq. A.20):

n1|r|2 + n2|t|2 = n1

we obtain after few algebraic manipulations

r =
n2 − n1

n1 + n1
(A.28)

t =
2n2

n1 + n2
(A.29)

A.5 First order surface differential reflectance
By expressing the reflection coefficient at the surface, r1 (Eq.3.22), in function of nav and δn(0),
followed by a MacLaurin series expansion limited to the first order, we obtain

r1 =
nair − nav − δn(0)

nair + nav + δn(0)

'
nair − nav − δn(0)

nair + nav

„
1−

δn(0)

nair + nav

«
=
nair − nav

nair + nav
−

2nair

(nair + nav)2
δn(0) (A.30)

=r1av −
2nair

(nair + nav)2
δn(0) (A.31)

and after few algebraic manipulations:

r1
2 = r2

1av +
4nair(n

2
av − n2

air)

(nav + nair)4
δn(0) (A.32)
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If we notice that“
r1t
↓
1t
↑
1

”
av

nav
=
nair − nav

nair + nav

4navnair

(n2
air + nav)2

1

nav
=

4nair(n
2
air − n

2
av)

(nav + nair)4
(A.33)

then we can rewrite r2
1 as

r1
2 = r2

1av −

“
r1t
↓
1t
↑
1

”
av

nav
δn(0) (A.34)

A.6 Maxwell wave equation

A.6.1 Calculation of Aspnes semi-infinite integral
Aspnes’s integral [See Eq. (3.42)] is calculated by splitting the integral into two parts:

Φ
′

= Ψ(z) = −iK̃2
av e

2K̃iz

Z ∞
0

δκ̃(z)

κ̃av
e2K̃avizdz

= −iK̃2
av e

2K̃aviz
nZ ∞

Z

δκ̃(z)

κ̃av
e2K̃avizdz +

Z Z

0

δκ̃(z)

κ̃av
e2K̃avizdz

o
(A.35)

The first integral can be expanded as follows, separating the real and imaginary parts of the
dielectric function:Z ∞

Z
δκ̃(z)e2K̃avizdz =

Z ∞
Z

δκ̃(z)e−2K2z [cos(2K1z) + i sin(2K1z)] dz

= δκ̃(Z)

Z ∞
Z

e−2K2z [cos(2K1z) + i sin(2K1z)] dz (A.36)

where K̃ = K1 + iK2 = 2π(n + ik)/λ and δκ̃(z) has been taken out of the integral since it is
essentially constant over a period 2π/K1 and it decays more slowly than the exponential (half
absorption length of the probe laser). The integral can then be integrated analytically [198]

Z ∞
Z

δκ̃(z)e2k̃avizdz = −δκ̃(Z)
eaZ

a2 + b2

×
˘
a
ˆ

cos(bZ) + i sin(bZ)
˜

+ b
ˆ

sin(bZ)− i cos(bZ)
˜¯o

(A.37)

where a = −2K2 and b = 2K1.

A.6.2 Calculation of Aspnes reflectance from the phase deriva-
tive

The electric and magnetic fields of a one dimensional electromagnetic wave propagating in a
medium of nonuniform refractive index are respectively given by

E = Eyey = Ey0e
−i(±(K̃z+Φ(z))−ωt) ey (A.38)

H = Hxex = Hx0e
−i(±(K̃z+Φ(z))−ωt) ex (A.39)
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The plus and minus signs correspond to a wave propagating toward the positive and negative z
directions respectively. The values of K̃ and Φ(z) depend on the region:

K̃ = K̃1 if z < 0 (A.40)

= K̃2 if z ≥ 0 (A.41)

Φ(z) = 0 if z < 0 (A.42)

= Φ2(z) if z ≥ 0 (A.43)

where K1, K2 and Φ2(z) are known.
The electromagnetic wave described by Eq. (A.38) has to satisfy Maxwell’s equation

∇×E = −µ
∂H

∂t
(A.44)

Expanding the left and right hand terms

∇×E = −∂zEyex

= ±Ey0 i(K̃ + Φ
′
(z))e−i(±(K̃z+Φ(z))−ωt)ex (A.45)

−µ
∂H

∂t
= −µHx0 iωe

−i(±(K̃z+Φ(z))−ωt)ex (A.46)

and equating them leads to the relation

Hx0 = ∓Ey0

K̃ + Φ
′
(z)

ωµ
(A.47)

The electromagnetic wave continuity at the interface reads

Eiey + Erey = Etey (A.48)

Hiex +Hrex = Htex + Jsex (A.49)

Inserting Eqs. (A.47) and (A.48) in Eq. (A.49) we obtain (using the right propagation signs):

−Ei
K̃1 + Φ

′
1(z = 0)

ωµ
+ Er

K̃1 + Φ
′
1(z = 0)

ωµ
= −(Ei + Er)

K̃2 + Φ
′
2(z = 0)

ωµ
+ Js (A.50)

The reflectivity is then readily obtained

r =
Er

Ei
=

“
k̃1 + Φ

′
1

”
−
“
k̃2 + Φ

′
2

”
“
k̃1 + Φ

′
1

”
+
“
k̃2 + Φ

′
2

” =
k̃1 −

“
k̃2 + Φ

′
2

”
k̃1 +

“
k̃2 + Φ

′
2

” (A.51)

A.7 Reflectance functional derivative

A.7.1 First order reflection
The plasma component of the reflectance, assuming Drude’s law, is given by substituting Eq.
3.90 into Eq. 3.26. This is a functional of the differential excess carrier density δN(z):

∆R[δN ]/R =

Z
f(z, δN, dδN/dz) dz (A.52)

=
4nair

n2
av − n2

air

„Z
δn(z)δ(z)dz +

Z ∞
0+

cos(4πnz/λ)
dδn(z)

dz
dz

«
(A.53)
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A.7. Reflectance functional derivative

where δn(δN) = β(λ) δN and β(λ) = −q2λ2/(2m∗e4π2c2ε0 n0(λ)) is the Drude coefficient. We
have written δN(z = 0) as

R
δN(z)δ(z)dz. The functional derivative of ∆R[δN ]/R is given by

[160]

< δ∆R[δN ]/R, φ >=

Z
δf

δ(δN)
φ−

„
∇.

δf

δ∇(δN)

«
φ dr (A.54)

assuming the integrant f only depends on δN and ∇(δN), and the test function φ is zero at the
integration boundaries. It explicitly gives in our case

< δ∆R[δN ]/R, φ >=
4nair

n2
av − n2

air

β(λ)

„Z
δ(z)φ+

Z ∞
0+

4πn/λ sin(4πnz/λ) φ dz

«
(A.55)

Let us now suppose a free carrier perturbation (the test function)

φ(z) =


∆N , if z0 < z < z0 + a
0 , otherwise

(A.56)

The functional derivative then reads

< δR[δN ]/R, φ >=
4nair

n2
av − n2

air

β(λ)∆N 2 sin(4πn(z0 + a/2)/λ) sin(4πna/2λ) (A.57)

It can be interpreted as the change in reflectance when a small change in free carrier concen-
tration φ(z) perturbs the system. Note that the change in free carrier concentration can be
due to an internal cause (extra dopant) as well as an external cause (charge injection by photo
excitation). Obviously when the perturbation height (∆N) or width (a) tends toward 0, the
change in reflectance vanishes. Also when z0 tends toward 0 the change in reflectance vanishes.
In the short wavelength limit (λ→ 0), it also vanishes since β(λ) ' λ2. In the long wavelength
limit (λ >> 4πnz0), it is maximum and wavelength independent.

A.7.2 First order Maxwell wave equation

The same calculation as in the previous section can be carried out from Eq. 3.47.

∆R[δN ]/R =

Z
f(z, δN, dδN/dz) dz (A.58)

= αS <


(−2iK̃)

Z ∞
0

δκ̃(δN) ei2K̃zdz

ff
+ βS =


(−2iK̃)

Z ∞
0

δκ̃(δN) ei2K̃zdz

ff
(A.59)

where δκ̃(N) = 2βr(λ) δN+i2βi(λ) δN is the Drude formula (Eq. 3.85), and βr = −q2/(2m∗eω
2ε0n0)

(Eq. 3.90) and βi = q3/(2m∗
2
e ω3ε0n0µ) (Eq. 3.92) are the Drude coefficients corresponding

respectively to the real and imaginary parts of the dielectric constant. The functional derivative
of the differential reflectance is then given by

< δR(δN)/R, φ >=αS

D
δ < δκ >1, φ

E
+ βS

D
δ < δκ >2, φ

E
αS <


(−2iK̃)

Z ∞
0

ei2K̃z (2βr + i2βi)φ(z)dz

ff
+ βS =


(−2iK̃)

Z ∞
0

ei2K̃z (2βr + i2βi)φ(z)dz

ff
(A.60)
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which is easily integrated when φ(z) is given by Eq. A.56:

< δR(δN)/R, φ >=2∆N sin(4πna/2λ) (A.61)

×
n

2αS
ˆ
− βr sin(4πn(z0 + a/2)λ) + βi cos(4πn(z0 + a/2)λ)

˜
+ 2βS

ˆ
− βr cos(4πn(z0 + a/2)λ)− βi sin(4πn(z0 + a/2)λ)

˜o
(A.62)

which is equivalent to Eq. A.57 when βS � αS and βi � βr. However, the existence of
the complex part of the dielectric constant is of the utmost importance. Since βi scales as
the cube of the wavelength, it is no more negligible in the IR range (Fig. 1.3). The term of
βi sin(2πna/λ) cos(4πn(z0 +a/2)/λ) scales with λ2 in the long wavelength limit (λ� z0), which
implies a good sensitivity to profile variations even when z0 → 0.

A.8 Use of maxima for interference calculation
The computation of a nonlinear function of a sum of harmonics is a problem that arises several
time in this thesis (Sec. 3.1 and 4.1.3). This kind of calculation is cumbersome especially if one
needs to keep high order harmonics in the results. Therefore it is best achieved with a symbolic
calculation software like Maxima (maxima.sourceforge.net). The source code, for a particular
example, is as follow

/* n is a sum of harmonics of frequency A and 2A
* (in this example n represents a modulated refractive index) */

n : nI1 * cos(A) + nQ1 * sin(A) + nI2 * cos(2*A) + nQ2 * sin(2*A);

/* We apply successively two nonlinear function to n
* (in this example, we compute the reflectance)*/

r1 : (1 - ( nav + n)) * (1 - n / ( 1 + nav)) / (1 + nav);
r1sq : r1^2;

/* Two loops of trigreduce and expand are needed
* to get the solution in terms of Fourier component. */

nc : trigreduce(r1sq);
nc : expand(nc);
nc : trigreduce(nc);
nc : expand(nc);
stringout("r1sq.txt", "r1sq" = nc); /* Save into text file. */

The output expression is very long, but usualy, only terms up to the second or third harmonic
[dc, sin(A), cos(A), sin(2A), cos(2A)] are conserved.

A.9 Nonlinear steady periodic approximation
We calculate the Fourier components of the Auger and SRH recombination terms (App. A.9.0.1)
and their Jacobian (App. A.9.0.2)

A.9.0.1 The harmonic recombination terms
The Fourier components of the Auger recombination term are obtained by substituting Eq. 4.26
into Eq. 4.50

Uaug
0 = An

“
a0 b

2
0 − b0 n2

ie + 2 ∆Ñ±1 ∆Ñ∗±1(a0 + 2 b0)
”

+Ap
“
b0 a

2
0 − a0 n

2
ie + 2∆Ñ±1 ∆Ñ∗±1(b0 + 2 a0)

”
(A.63)
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Uaug
±1 = ∆Ñ±1

h
An

“
2 a0 b0 + b20 + 3 ∆Ñ±1 ∆Ñ∗±1 − n2

ie

”
+Ap

“
2 a0 b0 + a2

0 + 3 ∆Ñ±1 ∆Ñ∗±1 − n2
ie

”i
=

∆Ñ±1

τaug
ac (∆N0,∆Ñ±1)

(A.64)

Uaug
±2 =

“
∆Ñ±1

”2
[An (a0 + 2 b0) +Ap (b0 + 2 a0)]

+ ∆Ñ±2

h
An (2a0b0 + b20 + 6 ∆Ñ±1 ∆Ñ∗±1 − n2

ie)

+Ap (2a0b0 + a2
0 + 6 ∆Ñ±1 ∆Ñ∗±1 − n2

ie)
i

=
∆ ˜N±2

τaug
ac (∆N0,∆Ñ±1)

+ Saug
2 (∆N0,∆Ñ±1) (A.65)

where a0 and b0 are the dc hole and concentrations respectively and are given by

a0 = p0 + ∆N0 (A.66)

b0 = n0 + ∆P0 (A.67)

and we hve introduced the harmonic Auger recombination lifetime τaug
ac . The terms in ∆Ñ2

where neglected in equation A.63 and A.64 as well as the terms in ∆Ñ2 ∆Ñ∗2 in A.65.
The Fourier components of the SRH recombination term are more difficult to obtain due

to the dependence upon ∆N of the denominator in the SRH formula. However, the inverse of
denominator can be expanded in power of exp(kiωt)

Dsrh−1
=

0@τp
0@nie + n0 +

2X
k=−2

∆Ñk(r, z) ekiωt

1A
+τn

0@nie + p0 +
2X

k=−2

∆Ñk(r, z) ekiωt

1A1A−1

=

 
Dsrh

0

 
1 + τm

∆Ñ1 eiωt + ∆Ñ−1 e−iωt

Dsrh
0

+τm
∆Ñ2 e2iωt + ∆Ñ−2 e−2iωt

Dsrh
0

!!−1

(A.68)

where τm = τn + τp and the dc SRH denominator Dsrh
0 reads

Dsrh
0 = τn (a0 + nie) + τp (b0 + nie) (A.69)

If we assume that ˛̨̨̨
˛τm∆Ñ1 + ∆Ñ2

DSRH
0

˛̨̨̨
˛ < 1, (A.70)

which is always the case since the dc component (∆N0) is always larger (or equal in the limit
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ω → 0) than the first harmonic amplitude (|∆̃N1|), we obtain

Usrh
0 =

a0 b0 − n2
ie

Dsrh
0

+ 2
∆Ñ1∆Ñ∗1
Dsrh

0

(
1−

τm

Dsrh
0

"
a0 + b0 −

τm

Dsrh
0

“
a0b0 + 3∆Ñ1∆Ñ∗1 − n2

ie

”#)
(A.71)

Usrh
1 =

∆Ñ1

Dsrh
0

(
a0 + b0 −

τm

Dsrh
0

"
a0b0 − n2

ie + 3∆Ñ1∆Ñ∗1

 
1−

τm

Dsrh
0

(a0 + b0)

!#)

=
∆Ñ1

τ srh
ac (∆N0,∆Ñ1)

(A.72)

Usrh
2 =

∆Ñ2

Dsrh
0

(
a0 + b0 −

τm

Dsrh
0

"
a0b0 − n2

ie + 6∆Ñ1∆Ñ∗1

 
1−

τm

Dsrh
0

(a0 + b0)

!#)

+
∆Ñ2

1

Dsrh
0

(
1−

τm

Dsrh
0

"
a0 + b0 −

τm

Dsrh
0

“
a0b0 − n2

ie + 4∆Ñ1∆Ñ∗1

”#)

=
∆Ñ2

τ srh
ac (∆N0,∆Ñ1)

+ Ssrh
2 (∆N0,∆Ñ1) (A.73)

where we have introduced the harmonic SRH recombination lifetime τ srh
ac and the SRH second

harmonic source term Ssrh
2 :

In summary, Eq. 4.30 becomes

∇.D̃0∇∆Ñ0

= G− +
1

2
G∼(∆N0)− Usrh

0 (∆N0, )− UAug
0 (∆N0,∆Ñ±1)

(A.74)

iω +∇.D̃0∇∆Ñ1 + ∆N1

“
τ srh
ac (∆N0,∆Ñ1)

−1
+ τAug(∆N0,∆Ñ±1)

−1
”

=
1

4
G∼(∆N0) (A.75)

2iω +∇.D̃0∇∆Ñ2 + ∆N2

“
τ srh
ac (∆N0,∆Ñ1)

−1
+ τAug(∆N0,∆Ñ±1)

−1
”

= S(∆N0,∆Ñ1) (A.76)

Note that Eq. A.74 and A.75 are coupled and nonlinear while Eq. A.76 is linear and uncoupled
to the others (altough it depends on their solutions). In the small signal approximation, i.e.˛̨̨
∆Ñ±1

˛̨̨
<< ∆Ñ0, Eq. A.74 and A.75 become uncoupled. Eq. A.74 remains nonlinear but A.75

becomes linear. These equations only need to be solved for ∆N0, ∆Ñ1 and ∆Ñ2. ∆Ñ−1 and

∆Ñ−2 are immediately obtained by taking the complex conjugate of ∆Ñ1 and ∆Ñ2.
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A.9.0.2 Jacobian

We here give details about the computation of the right hand side derivatives of the harmonic
diffusion equations. These are needed for the Jacobian matrix assembling at each Newton
iterations.

Since the dependent variable ∆Ñ1 is complex, the Cauchy-Rieman Equation must be used
in order to differentiate with respect to a complex variable

df

dz
=

1

2

„
∂f

∂x
− i

∂f

∂y

«
(A.77)

where z = x+ iy.

Before starting, note that we will make an intensive use of the trivial formulas

∂∆Ñ1∆Ñ∗1
∂ <∆Ñ1

= 2<∆Ñ1 (A.78)

∂∆Ñ1∆Ñ∗1
∂ =∆Ñ1

= 2=∆Ñ1 (A.79)

The derivatives of Eq. A.63and A.64 with respect to ∆N0 and ∆Ñ1 reads:

∂U0

∂∆N0
=

∂U0

∂a0
+
∂U0

∂b0
(A.80)

∂U0

∂a0
= An

“
b20 + 2∆Ñ1∆Ñ∗1

”
+Ap

“
2a0b0 − n2

ie + 4∆Ñ1∆Ñ∗1

”
∂U0

∂b0
= Ap

“
a2

0 + 2∆Ñ1∆Ñ∗1

”
+An

“
2a0b0 − n2

ie + 4∆Ñ1∆Ñ∗1

”
∂ U0

∂∆Ñ1

=
1

2

„
∂ U0

∂ <∆Ñ1

− i
∂ U0

∂ =∆Ñ1

«
(A.81)

= 2∆Ñ∗1 (An(a0 + 2b0) +Ap(b0 + 2a0))

∂Ũ1

∂∆N0
=

∂Ũ1

∂a0
+
∂Ũ1

∂b0
(A.82)

∂Ũ1

∂a0
= 2∆Ñ1 (Anb0 +Ap(a0 + b0))

∂Ũ1

∂b0
= 2∆Ñ1 (Apa0 +An(a0 + b0))

∂ Ũ1

∂∆Ñ1

=
1

2

 
∂ Ũ1

∂ <∆Ñ1

− i
∂ Ũ1

∂ =∆Ñ1

!
(A.83)

= 3∆Ñ1∆Ñ∗1 (An +Ap)

+An(2a0b0 + b20 + 3∆Ñ1∆Ñ∗1 − n2
ie)

+Ap(2a0b0 + a2
0 + 3∆Ñ1∆Ñ∗1 − n2

ie)
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Similarly, the derivatives of Eq. A.72 reads:

∂Usrh
0

∂∆N0
=

∂Usrh
0

∂a0
+
∂Usrh

0

∂b0
(A.84)

∂Usrh
0

b0
= Dsrh

0
−1

a0 + 2∆Ñ1∆Ñ∗1

»
−
τm

D0

„
1−

τm

D0
a0

«–ff
∂Usrh

0

a0
= Dsrh

0
−1

b0 + 2∆Ñ1∆Ñ∗1

»
−
τm

D0

„
1−

τm

D0
b0

«–ff
∂ Usrh

0

∂∆Ñ1

=
1

2

 
∂ Usrh

0

∂ <∆Ñ1

− i
∂ Usrh

0

∂ =∆Ñ1

!

= 4
∆Ñ1

D0

(
"

1−
τm

Dsrh
0

(a0 + b0

−
τm

Dsrh
0

(a0b0 + 3∆Ñ1∆Ẽ∗1 −N2
ie)

!#

+3∆Ẽ1∆Ẽ∗1

 
τm

Dsrh
0

!2)
(A.85)

∂Usrh
1

∂∆N0
=

∂Usrh
1

∂a0
+
∂Usrh

1

∂b0
(A.86)

∂Usrh
1

b0
=

E1

D0

»
1−

τm

D0

„
a0 − 3∆Ñ1∆Ñ∗1

τm

D0

«–
∂Usrh

1

a0
=

E1

D0

»
1−

τm

D0

„
b0 − 3∆Ñ1∆Ñ∗1

τm

D0

«–
∂ Usrh

1

∂∆Ñ1

=
1

2

 
∂ Usrh

1

∂ <∆Ñ1

− i
∂ Usrh

1

∂ =∆Ñ1

!
(A.87)

= D−1
0

(
a0 + b0 (A.88)

−
τm

D0

"
a0b0 − n2

ie + 3∆Ñ1∆Ñ∗1

„
1−

τm

D0
(b0 + a0)

«#)
(A.89)

+3∆Ñ1∆Ñ∗1
τm

D2
0

„
1−

τm

D0
(b0 + a0)

«
(A.90)

A.10 The drift-diffusion (DD) equations

A.10.1 Expression of the currents in Slotboom’s variables
The electron and hole currents reads

Jn = nµn∇En (A.91)

Jp = pµp∇Ep (A.92)
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where Jn and Jp (Cm−2s−1) are the electron and hole current densities, n and p (m−3) are the
electron and hole concentrations, µn and µp (m2V −1s−1) are the electron and hole mobilities,
and En and Ep (J) are the electron and hole quasi Fermi energies . It is however usual to work
in terms of potential

Jn = −qnµn∇φn (A.93)

Jp = −qpµp∇φp (A.94)

where φn = −En/q and φp = −Ep/q (V ) are the electron and hole quasi Fermi potentials. By
applying the change of variables

n = N∗c e
φc−φn
Vth r (A.95)

p = N∗v e
φp−φv
Vth (A.96)

where N∗c and N∗v are the effective (taking Fermi-Dirac statistics into account, see next section)
conduction and valence band densities of state (m−3), φc and φv are the conduction and valence
band potentials (V), and Vth = kBT is the thermal voltage (∼ 0.0259 V). By inserting Eqs.
A.95 into Eqs. A.93, we obtain

Jn = −qµnVthN∗c eφc/Vthe−φn/Vth∇φn/Vth
= +qµnVthN

∗
c e
φc/Vth∇e−φn/Vth (A.97)

Jp = −qµnVthN∗c e−φv/Vtheφp/Vth∇φp/Vth
= −qµpVthN∗v e−φv/Vth∇eφp/Vth (A.98)

If we pose

ρn = e−φn/Vth (A.99)

ρp = eφp/Vth , (A.100)

which are known as the Slotboom variables, the electron and hole concentrations read

n = N∗c ρn e
φc/Vth (A.101)

p = N∗v ρp e
−φv/Vth (A.102)

and Eqs. A.97 can be recast as

Jn = +qµnVthN
∗
c e
φc/Vth∇ρn

Jp = −qµpVthN∗v e−φv/Vth∇ρp .

(A.103)

Since, the conduction and valence band potentials can be written as [See Fig. A.5 ]:

φc(x) = φ0 + φ(x) + χ(x)/q

φv(x) = φ0 + φ(x) + χ(x)/q + Eg(x)/q , (A.104)

where φ0 (V) is an arbitrary constant, φ(x) (V) is the electric potential, χ(x) > 0 (eV) is the
electron affinity (positively defined) and Eg(x) > 0 (eV) is the band gap (positively defined),
the electron and hole concentrations read

n = N∗c ρn e
(φ0+φ+χ)/Vth

p = N∗v ρp e
−(φ0+φ+χ+Eg)/Vth

(A.105)
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and the electron and hole currents [Eqs. (A.103)] can be rewritten as

Jn = +qµnVthN
∗
c e

(φ0+χ)/Vtheφ/Vth∇ρn
Jp = −qµpVthN∗v e−(φ0+χ+Eg)/Vthe−φ/Vth∇ρp .

(A.106)

Figure A.5: General band diagram of a semiconductor. The electron affinity
and the band gap are allowed to vary in space. We choose the electron-volt (eV)
as energy unit instead of the Joule (J) so that it is easier to compare potentials
and energies (there is just a sign difference). Note that a increase in potential
corresponds to a decrease in electron energy. Note that in general, the vacuum
level (Evac), the conduction band (Ec), the valence band (Ev) are not parallel
since the electron affinity (χ) and the band gap (Eg) are position dependent.
These can depend on the local, a priori known, material properties and the local
state of the system (En, Ep and φ) [for instance the band gap can be function of
the doping but also of the carrier concentration (or Fermi levels)].

A.10.2 Expression of the currents in Slotboom’s variables
(relative to intrinsic level)

n = nie e
φi−φn
Vth

p = nie e
φp−φi
Vth

(A.107)

276



A.10. The drift-diffusion (DD) equations

Jn = −qµnVthnie eφi/Vthe−φn/Vth∇φn/Vth
= +qµnVthnie e

φi/Vth∇e−φn/Vth

Jp = −qµnVthnie e−φi/Vtheφp/Vth∇φp/Vth
= −qµpVthnie e−φi/Vth∇eφp/Vth (A.108)

Using the same definition for the Slotboom’s variable as in the previous section, we get

n = nie ρn e
φi/Vth

p = nie ρp e
−φi/Vth

(A.109)

Jn = +qµnVthnie e
φi/Vth∇ρn

Jp = −qµpVthnie e−φi/Vth∇ρp .

(A.110)

From Eqs. A.95 and Eqs. A.107 The effective intrinsic concentration can be written

nie = N∗c e
(φc−φi)/Vth (A.111)

nie = N∗v e
(φi−φv)/Vth (A.112)

Multiplying these two expressions we get

nie =
p
N∗cN

∗
v e
−Eg/(2Vth) (A.113)

Equating the two previous equations and taking the log, the effective intrinsic potential can be
written

φi/Vth =
1

2
ln

„
N∗c
N∗v

«
+

1

2

φc + φv

Vth
(A.114)

Using Eq. A.104, we have

φi/Vth =
1

2
ln

„
N∗c
N∗v

«
+
φ0 + φ+ χ+ Eg/2

Vth
(A.115)

The exponential of this expression will be usefull for later use

eφi/Vth =
p
N∗c /N

∗
v e

(φ0+φ+χ+Eg/2)/Vth (A.116)

A.10.3 Expression of the currents in drift-diffusion form

The current expressions given in Eqs. A.106, do not explicitely show the various contributions in
terms of drift (due to electric field, bandgap, affinity or effective density of state gradients) and
diffusion currents altough they are contained in the formulation. We can express the various
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currents by first taking the gradient of ρn and ρp from Eqs. A.101:

∇ρn = ∇
„
n

N∗c
e−φc/Vth

«
=
e−φc/Vth

N∗c

„
∇n− n∇φc/Vth −

n

N∗c
∇N∗c

«
=
e−φc/Vth

N∗c
(∇n− n∇φc/Vth − n∇ lnN∗c )

=
e−φc/Vth

N∗c
(∇n− n∇φ/Vth − n∇χ/Vth − n∇ lnN∗c ) (A.117)

∇ρp = ∇
„

p

N∗v
eφv/Vth

«
=
eφv/Vth

N∗v

„
∇p+ p∇φv/Vth −

p

N∗v
∇N∗v

«
=
eφv/Vth

N∗v
(∇p+ p∇φv/Vth − p∇ lnN∗v )

=
eφv/Vth

N∗v
(∇p+ p∇φ/Vth + p∇χ/Vth + p∇Eg/Vth − p∇ lnN∗v )

(A.118)

where we have considered that n, N∗c and φc all depend on the position. We have also used the
identity ∇N∗c = N∗c∇ lnN∗c and the definition of φc and φv (Eqs. A.104). The currents can
then readily be expressed by inserting the previous expressions into Eqs. A.106:

Jn = qµnVthN
∗
c e
φc/Vth∇ρn

= qµnVth∇n− qnµn∇φ− qnµn∇χ− qnµnVth∇ lnN∗c
= qDn∇n+ qnµnE − qnµn∇χ− qnDn∇ lnN∗c (A.119)

Jp = −qµpVthN∗v e−φv/Vth∇ρp

= −qµpVth∇p− qpµp∇φ− qpµp∇χ− qpµp∇Eg + qpµpVth∇ lnN∗v
= −qDp∇p+ qpµpE − qpµp∇χ− qpµp∇Eg + qpDp∇ lnN∗v

(A.120)

where E = −∇φ is the electric field. In a uniform material, neglecting bandgap narrowing
effects, we have ∇χ = ∇Eg = 0, and assuming Boltzman statistics, we have ∇N∗c = ∇N∗v = 0.

A.10.4 Fermi-Dirac statistics
In Fermi-Dirac statistics, the electron and hole concentrations in terms of the Fermi potential
read:

n = NcF1/2(ηn) (A.121)

p = NvF1/2(ηp)

where

ηn =
φc − φn
Vth

(A.122)

ηp =
φp − φv
Vth

(A.123)

In order to be able to proceed with the change of variables described in Eq. A.95, we need to
recast Eq. A.121 as

n = N∗c e
ηn

p = N∗v e
ηp (A.124)
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where we introduced N∗c and N∗v , the effective conduction and valence band densities of state:

N∗c ≡ Nc
F1/2(ηn)

eηn

N∗v ≡ Nv
F1/2(ηp)

eηp

(A.125)

A.10.5 Einstein relation in Fermi-Dirac statistics

The Einstein relation is obtained by setting the electron (or hole) current (Eq. A.119) to zero
(∇φn = 0).

Neglecting quasi-drift component (= neglecting gradients in χ, Eg and Nc, so that ∇φc =
∇φ and ∇Nc = 0), using the expression of n in Fermi-Diract statistics (Eq. A.121), and using
the identity dF1/2/ηn = F-1/2 [196](p174) the currents read (here for electron)

qDn∇n = −qnµn∇φ (A.126)

⇔ qDnNcdF1/2/ηn∇ηn = −qµnNcF1/2(ηn)∇φ (A.127)

⇔ qDnNcdF1/2/ηn∇φc/Vth = −qµnNcF1/2(ηn)∇φ (A.128)

⇔ Dn = µnVthF1/2(ηn)/F-1/2(ηn) (A.129)

A.10.6 The Drift-Diffusion equation in Slotboom variables

The well known drift-diffusion equations read:

−1/q∇.ε∇φ = p− n+ C(x) (A.130)

−∇.Jn = q (G−R) (A.131)

∇.Jp = q (G−R) (A.132)

Surface recombinations can be incorporated in the model by specifying electron and hole currents
at the surface (Fig. A.6):

Jn.n = −q Rsurf
Jp.n = +q Rsurf

where ε (Fm−1) is the dielectric permitivity, φ (V ) is the electric potential, q (C) is the electronic
charge, n and p (m−3) are the electron and hole concentrations, C(x) = Nd−Na (m−3) is the net
doping concentration and G and R (m−3s−1) are respectively the generation and recombination
rate and Rsurf (m−2s−1) is the surface recombination rate. By inserting the expressions of n,
p (Eqs. A.105), Jn and Jp (Eqs. A.106) in the drift-diffusion equations we obtain:

−1/q∇.ε∇φ = N∗v e
−(φ0+χ+Eg)/Vthρpe

−φ/Vth

−N∗c e(φ0+χ)/Vthρne
φ/Vth

+ C(x) (A.133)

−∇.qµnVthN∗c e(φ0+χ)/Vtheφ/Vth∇ρn = q(G−R) (A.134)

−∇.qµpVthN∗v e−(φ0+χ+Eg)/Vthe−φ/Vth∇ρp = q(G−R) (A.135)
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Figure A.6: Current boundary condition.

These three equations have to be solved for φ, ρn and ρp. For the numerical implementation, it
is convenient to make the equations adimentional:

−λ2∇̄ε̄∇̄φ̄ = N̄∗v e
−(φ0+χ+Eg)/Vthρpe

−φ̄ V 0
th/Vth

−N̄∗c e(φ0+χ)/Vthρne
φ̄ V 0

th/Vth

+C̄ (A.136)

−∇̄µ̄nV̄thN̄∗c e(φ0+χ)/Vtheφ/Vth∇̄ρn = Ḡ− R̄ (A.137)

−∇̄µ̄pV̄thN̄∗v e−(φ0+χ+Eg)/Vthe−φ/Vth∇̄ρp = Ḡ− R̄ (A.138)

where

λ2 =
ε0V 0

th

L2
0qC0

ε̄ = εr =
ε

ε0

φ̄ =
φ

V 0
th

, V̄th =
Vth

V 0
th

C̄ =
C

C0
, N̄∗v =

N∗v
C0

, N̄∗c =
N∗c
C0

∇ =
1

L0
∇̄

µ̄n =
µn

µ0
, µ̄p =

µp

µ0

Ḡ =
G

G0
, R̄ =

R

G0
, R̄s =

Rs

Gs0

G0 =
µ0V 0

thC0

L2
0

[m−3s−1]

Gs0 =
µ0V 0

thC0

L0
[m−2s−1]

(A.139)
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where the parameters L0 (m), C0 (m−3), µ0 (m2 V−1 s−1), V 0
th (V) and ε0 (F/m) can be

choosen freely1. The coefficients λ2, G0 (m−3s−1) and Gs0 (m−2s−1) can then be calculated.
For example:

Unit factor Unit factor value
L0 10−6 (m)
C0 1023 (m−3)
µ0 0.1 (m2 V −1 s−1)
V 0
th 0.025 (V )
ε0 8.854 ×10−12 (Fm−1)
λ2 1.381555× 10−5 (adim)
G0 2.5× 1032 (m−3 s−1)
Gs0 2.5× 1026 (m−2 s−1)

Note that in general, the dielectric permitivity (ε), the affinity (χ), the band gap (Eg) and the
active doping concentration (C) may depend on the position. The thermal voltage, Vth = k T ,
is function of the temperature and may thus also depend on the position. In order to avoid a
too large disymetry in the arguments of the exponential terms (which could lead to numerical
problems during the resolution2), we pose

ρ∗n = ρne
χ0/Vth

ρ∗p = ρpe
−(χ0+Eg0)/Vth

This is a legacy change of variable which is not used anymore in FSEM. the following change of
variable in now used in FSEM and leads to better convergence3:

ρ∗bn = ρne
(φ0+χ0+Eg0/2)/Vth

ρ∗bp = ρpe
−(φ0+χ0+Eg0/2)/Vth

(A.140)

where χ0 and Eg0 are defined such that

Eg(x) = Eg0 + ∆Eg0(x) (numerical) (A.141)

= Eg300(x) + ∆Eg(x)

= Eg300(x) + ∆EgBV (x) + ∆EgBC(x) (physical)

χ(x) = χ0 + ∆χ0(x) (numerical) (A.142)

= χ300(x) + ∆χ(x)

= χ300(x)−∆EgBC(x) (physical)

so that the drift-diffusion equations become:

−∇̄λ2∇̄φ̄ = N̄∗v e
−(φ0+∆χ0+∆Eg0)/Vthρ∗pe

−φ̄ V 0
th/Vth

−N̄∗c e(φ0+∆χ0)/Vthρ∗ne
φ̄ V 0

th/Vth

+ C̄ (A.143)

−∇̄µ̄nN̄∗c e(φ0+∆χ0+φ)/Vth∇̄ρ∗n = Ḡ− R̄ (A.144)

−∇̄µ̄pN̄∗v e−(φ0+∆χ0+∆Eg0+φ)/Vth∇̄ρ∗p = Ḡ− R̄ (A.145)

1For ε0, it make sens to use the vacuum permittivity so that ε̄ is equal to the relative dielectric
constant εr (often written κr).

2that was actually observed in our FSEM implementation
3We have chosen in particular φ0 = 0, χ0 = 4.05 and Eg0 = 1.08 eV
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With the other change of variable (ρ∗bn , ρ∗bp ), we get:

−∇̄λ2∇̄φ̄ = N̄∗v e
−(Eg0/2+∆χ0+∆Eg0)/Vthρ∗bp e

−φ̄ V 0
th/Vth

−N̄∗c e(−Eg0/2+∆χ0)/Vthρ∗bn e
φ̄ V 0

th/Vth

+ C̄ (A.146)

−∇̄µ̄nN̄∗c e(−Eg0/2+∆χ0+φ)/Vth∇̄ρ∗bn = Ḡ− R̄ (A.147)

−∇̄µ̄pN̄∗v e−(Eg0/2+∆χ0+∆Eg0+φ)/Vth∇̄ρ∗bp = Ḡ− R̄ (A.148)

In the case of a uniform sample, ∆χ̄ = 0 and ∆Ēg = 0 and we assume a uniform temperature
distribution such that Vth = V 0

th and if we choose φ̄0 = 0, the drift-diffusion equations become:

−∇̄λ2∇̄φ̄ = N̄∗v ρ
∗
pe
−φ̄ − N̄∗c ρ∗neφ̄ + C̄

−∇̄µ̄nN̄∗c eφ/Vth∇̄ρ∗n = Ḡ− R̄

−∇̄µ̄pN̄∗v e−φ/Vth∇̄ρ∗p = Ḡ− R̄

A.10.7 The Gummel map for the drift-diffusion equations
The Gummel map is a nonlinear block Gauss-Seidel iteration which is subdivided as follows [35].

� A nonlinear inner iteration (by Newton’s method for instance) for solving the Poisson
equation for φ̄ (Eq. A.146)

� Two linear iterations for solving the linearized (see later) continutity equations for ρ∗n
and ρ∗p (Eq. A.147 and A.148)

Then nonlinear (in φ̄) Poisson iteration is solved by Newton’s technique. In order to build
the Jacobian at each Newton iteration, it is necessary to compute the derivative of the right
hand side f(φ) of Eq. A.133 with respect to φ:

df

dφ
= −(p+ n)/Vth (A.149)

where n and p are given by

n = N∗c e
(φ0+∆χ0)/Vthρ∗ne

φ/Vth (A.150)

p = N∗c e
(φ0+∆χ0+∆Eg0)/Vthρ∗pe

−φ/Vth (A.151)

The linearization of Eqs. (A.147, A.148) is obtained by taking advantage of the common factor
pn− n2

ie shared by the Auger and SRH recombination processes:

RSRH = (pn− n2
ie) FSRH(n, p) (m−3s−1)

Rsurf
SRH = (pn− n2

ie) F
surf
SRH(n, p) (m−2s−1)

RAUG = (pn− n2
ie) FAUG(n, p) (m−3s−1) (A.152)

where

FSRH =
1

τn (p+ nie) + τp (n+ nie)
(m3s−1)

F surf
SRH =

1

(p+ nie)/sn + (n+ nie)/sp
(m4s−1)

FAUG = (An n+Ap p) (m3s−1) (A.153)
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The electron and hole continuity equations can then be rewritten as

−∇.qµnVthN∗c e(φ0+∆χ0)/Vtheφ/Vth∇ρ∗n
+q [FSRH(n, p) + FAUG(n, p)] N∗cN

∗
v e
−∆Eg0/V thρ∗pρ

∗
n

= q
˘
G+ [FSRH(n, p) + FAUG(n, p)] n2

ie

¯
(A.154)

−∇.qµpVthN∗v e−(φ0+∆χ0+∆Eg0)/Vthe−φ/Vth∇ρ∗p
+q [FSRH(n, p) + FAUG(n, p)] N∗cN

∗
v e
−∆Eg0/V thρ∗nρ

∗
p

= q
˘
G+ [FSRH(n, p) + FAUG(n, p)] n2

ie

¯
(A.155)

with the following boundary conditions when surface recombinations are considered:

−n.Jn = n.Jp = q FSRH(n, p)N∗cN
∗
v e
−∆Eg0/V thρ∗pρ

∗
n − q FSRH(n, p)nie (A.156)

The Poisson’s equations have thus been transformed into Helmoltz’s equations with generalized
Neumann boundary conditions.

In summary, the Gummel loop reads

−λ2∇̄.εr∇̄φ̄ =
“
p(ρ∗p, φ)− n(ρ∗n, φ) + C(x)

”
/C0, Solved for φ

−∇̄. cn(n, p, φ)/(G0L
2
0)∇̄ρ∗n + γn(n, p, ρ∗p)/G0 ρ

∗
n = f(n, p)/G0, Solved for ρ∗n

−∇̄. cp(n, p, φ)/(G0L
2
0)∇̄ρ∗n + γp(n, p, ρ∗n)/G0 ρ

∗
p = f(n, p)/G0, Solved for ρ∗p

with current boundary conditions

Jn =cn/(G0L
2
0)∇̄ρ∗n = −

`
γsn(n, p, ρ∗p) ρ∗n − f s(n, p)

´
/Gs0 (A.157)

−Jp =cp/(G0L
2
0)∇̄ρ∗p = − (γsn(n, p, ρ∗n) ρ∗n − f s(n, p)) /Gs0 (A.158)

The three equations are solved self-consistently until convergence is reached. The equation
coefficients in SI units, n (m−3), p (m−3), cn,p (m−1s−1), γn,p (m−3s−1), γsn,p (m−2s−1), f

(m−3s−1) and fs (m−2s−1) read

n(ρn, φ) = N∗c e
(φ0+∆χ0)/Vthρ∗ne

φ/Vth

p(ρp, φ) = N∗v e
(φ0+∆χ0+∆Eg0)/Vthρ∗pe

−φ/Vth

cn(n, p, φ) = µnVthN
∗
c e

(φ0+∆χ0)/Vtheφ/Vth

cp(n, p, φ) = µpVthN
∗
v e
−(φ0+∆χ0+∆Eg0)/Vthe−φ/Vth

γn(n, p, ρ∗p) = [FSRH(n, p) + FAUG(n, p)] N∗cN
∗
v e
−∆Eg0/V thρ∗p

γp(n, p, ρ∗n) = [FSRH(n, p) + FAUG(n, p)] N∗cN
∗
v e
−∆Eg0/V thρ∗n

γsn(n, p, ρ∗p) = F surfSRH (n, p)N∗cN
∗
v e
−∆Eg0/V thρ∗p

γsp(n, p, ρ∗n) = F surfSRH (n, p)N∗cN
∗
v e
−∆Eg0/V thρ∗n

f(n, p) =
˘
G+ [FSRH(n, p) + FAUG(n, p)] n2

ie

¯
fs(n, p) = F surfSRH (n, p)n2

ie
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and are updated with the most recent value of ρn, ρp, φ before solving each equation. With the
alternative change of variable proposed supra, the coefficients read:

n(ρ∗bn , φ) = N∗c e
(−Eg0/2+∆χ0)/Vthρ∗bn e

φ/Vth

p(ρ∗bp , φ) = N∗v e
−(Eg0/2+∆χ0+∆Eg0)/Vthρ∗bp e

−φ/Vth

cn(n, p, φ) = µnVthN
∗
c e

(−Eg0/2+∆χ0)/Vtheφ/Vth

cp(n, p, φ) = µpVthN
∗
v e
−(Eg0/2+∆χ0+∆Eg0)/Vthe−φ/Vth

γn(n, p, ρ∗bp ) = [FSRH(n, p) + FAUG(n, p)] N∗cN
∗
v e
−(Eg0+∆Eg0)/V thρ∗bp

γp(n, p, ρ∗bn ) = [FSRH(n, p) + FAUG(n, p)] N∗cN
∗
v e
−(Eg0+∆Eg0)/V thρ∗bn

γsn(n, p, ρ∗bp ) = F surfSRH (n, p)N∗cN
∗
v e
−(Eg0+∆Eg0)/V thρ∗bp

γsp(n, p, ρ∗bn ) = F surfSRH (n, p)N∗cN
∗
v e
−(Eg0+∆Eg0)/V thρ∗bn

f(n, p) =
˘
G+ [FSRH(n, p) + FAUG(n, p)] n2

ie

¯
fs(n, p) = F surfSRH (n, p)n2

ie

The effective conduction (N∗c ) and valence (N∗v ) band density of state are calculated with Eqs.
(A.125, A.99, A.140, A.104) which we recall in a convenient implementation order:

ρn = ρ∗ne
−χ0

ρp = ρ∗pe
χ0+Eg0

φn = −Vth log ρn

φp = Vth log ρp

Eg = Eg0 + ∆Eg0

χ = χ0 + ∆χ0

φc = φ0 + φ+ χ

φv = φ0 + φ+ χ+ Eg

N∗c = NcF1/2

`
(φc − φn)/Vth

´
exp

`
(φn − φc)/Vth

´
N∗v = NvF1/2

`
(φp − φv)/Vth

´
exp

`
(φv − φp)/Vth

´
(A.159)

The scaling coefficients λ2, C0 and L0 were already discussed in Eqs. (A.139).
In order to solve the Poisson equation for the potential by Newton’s method, the problem

J Φincr = Res has to be solved, where J is the Jacobian matrix, φincr is the increment and Res
the residu. It corresponds to the following problem:

−λ2∇̄εr∇̄φ̄incr −
df

dφ

Vth0

C0
φ̄incr = R̄es (A.160)

−λ2∇̄εr∇̄φ̄incr +
(p+ n)

Vth

Vth0

C0
φ̄incr = R̄es (A.161)

A.10.8 Equilibrium

At equilibrium, the mass action law prevails

n p = n2
ie (A.162)
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Multiplying Eqs. A.101 and using A.113, it comes that4

ρn ρp = 1 (A.163)

At a Ohmic contact, we assume equilibrium and charge neutrality, so that the potential equation
becomes

0 = p− n+ C (A.164)

Replacing n and p by their expressions in terms of Slotboom’s variables Eq. A.163 and Eq.
A.164 can be solved (polynomials of order 2 in ρn or ρp).

ρn =
C

N∗c
e−φc/Vth +

s„
C

N∗c
e−φc/Vth

«2

+ 4
N∗v
N∗c

e−(φv+φc)/Vth (A.165)

ρp = −
C

N∗v
eφv/Vth +

s„
C

N∗v
eφv/Vth

«2

+ 4
N∗c
N∗v

e(φv+φc)/Vth (A.166)

Using the expressions of φc and φv (Eqs. A.104), we can rewrite the equations as

ρn =e−(φ0+φ+χ)/Vth

0@ C

N∗c
+

s„
C

N∗c

«2

+ 4
N∗v
N∗c

e−Eg/Vth

1A (A.167)

ρp =e(φ0+φ+χ+Eg)/Vth

0@ C

N∗v
+

s„
C

N∗v

«2

+ 4
N∗c
N∗v

e−Eg/Vth

1A (A.168)

Note that because of the huge values spanned by the coefficients in these expressions, special
care has to be taken for making the calculations. If C > 0, ρn is calculated with the previous
formula and ρp is calculated as ρp = 1/ρn. When C < 0, the opposite is done.

The equilibrium solution is obtained by solving the potential equation only, since the carrier
equations give ρn = cst and ρp = cst. If we choose to eliminate ρn (since ρnρp = 1), the
potential equation reads:

−1/q∇.ε∇φ =N∗v ρp e
−φv/Vth −N∗c

1

ρp
eφc/Vth + C(x)

=N∗v ρp e
−(φ0+φ+χ+Eg)/Vth −N∗c

1

ρp
e(φ0+φ+χ)/Vth + C(x)

(A.169)

and can be solve for φ, setting ρp to an arbitrary5 uniform constant value. A uniform shift in
ρp actually corresponds to a uniform shift in φ which obviously does not change the physical
solution (in terms of electric field, electron and hole concentration).

We have observed that solving the drif-diffusion equation without specifying any contact
is possible only if the net generation/recombination rate is non-uniform, in other words, if
∇.∇ρn,p 6= 0. Practically, specifying contacts should help convergence in near equilibrium
conditions (there is no convergence issue far from equilibirum).

4Note that using the second change of variable of Eq. A.140, we have ρ∗nρ
∗
p = 1. This is not

true anymore for the first change of variable, in which case we have ρ∗nρ
∗
p = e−Eg0/Vth

5Practicaly, ρp e−φ0 should be chosen in a limited range in order to avoid numerical problems.
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A.11 Matrix expressions for the Helmoltz equa-
tion

Information on solving partial differential equation can be found on www.mathworks.com. For
the parabolic partial differential equation, we have:

du

dt
−∇.(c∇u) + a u = f in Ω

n . c∇u + q u = g on Neuman boundaries (δΩn)

u = r on Dirichlet boundaries (δΩd) (A.170)

where n is the unitary normal to the surface. In the case of a carrier diffusion equation, the
equation’s coefficients

u carrier conc. (n) m−3

∆t time s
c diffusivity (D) m−2s−1

f volume rec. rate (Rvol) m−3s−1

a inverse lifetime (Rvol/n) s−1

g surface rec. rate (Rsurf ) m−2 s−1

q rec. velocity (Rsurf/u) ms−1

u Slotboom var. (ρn,p) adim
∆t time s
c pseudo diffusivity m−1 s−1

f volume rec. rate (Rvol) m−3 s−1

a Rvol/ρn,p m−3 s−1

g surface rec. rate (Rsurf ) m−2 s−1

q (Rsurf/ρn,p) m−2 s−1

The weak form of this equation reads:

×v →
Z

Ω
dΩ :

Z
Ω

nu− ut−1

∆t
v −∇(c∇u) v + a u v − f v

o
dΩ = 0

Green’s theorem :

Z
Ω

n u

∆t
v −

ut−1

∆t
v + (c∇u).∇v + a u v − fv

o
dΩ

−
Z
δΩ
n.(c∇u) v dδΩ = 0

Neuman boundary cond. :

Z
Ω

n u

∆t
v −

ut−1

∆t
v + (c∇u).∇v + a u v − fv

o
dΩ

−
Z
δΩ

(−qu+ g) v dδΩ = 0

Rearrange terms :

Z
Ω

n u

∆t
v + (c∇u).∇v + a u v

o
dΩ +

Z
δΩ
qu v dδΩ

=

Z
Ω

nut−1

∆t
v + fv

o
dΩ +

Z
δΩ
g v dδΩ

(A.171)

286

www.mathworks.com


A.11. Matrix expressions for the Helmoltz equation

The system ML U = RSH“
M(idt;uh, vh)| {z }

Time

+K(c;uh, vh)| {z }
Stifness

+M(a;uh, vh)| {z }
Mass

+ Q(q;uh, vh)| {z }
Gen.Neuman

”
U

= F (f ; vh)| {z }
Gen/Rec

+F (idt, uhp; vh)| {z }
Time

+G(g; vh)| {z }
Neuman

(A.172)

where the various matrices read (bilinear terms):

M(idt;uh, vh) =

Z
Ωh

idt uh vh dΩh (A.173)

K(c;uh, vh) =

Z
Ωh

c
`
dx(uh) dx(vh) + dy(uh) dy(vh)

´
dΩh (A.174)

M(a;uh, vh) =

Z
Ωh

a uh vh dΩh (A.175)

Q(q;uh, vh) =

Z
δΩh

q uh vh dΩh (A.176)

and the right hand side (linear terms):

G(g; vh) =

Z
δΩh

g vh dδΩh (A.177)

F (f ; vh) =

Z
Ωh

f vh dΩh (A.178)

K0(c, u0; vh) =

Z
Ωh

`
dx(c dx(u0)) + dy(c dy(u0)

´
vh dΩh (A.179)

Note that in rectangular coordinate, dΩrec = dx dy dz. In cylindrical coordinates (axisymme-
try), dΩcyl = rdrdz.

Newton’s method involves the computation of the Jacobian in order to compute the incre-
ment (I) of the solution. The problem J I = Res has to be solved, where Res = ML U − RSH
is the residu.

The Jacobian (see www.mathworks.com):

J = K(c;uh, vh)| {z }
Stifness

+M(2 ∗ idt+ a− f ′;uh, vh)| {z }
Time

+diag
“`
K(c′;uh, vh) +M(a′;uh, vh)

´
Uprev

”
(A.180)

where the various matrices read (bilinear terms),

M(a− f ‘) =

Z
Ωh

(a− f ‘)uh vh dΩh (A.181)

where f ′ = df/du, etc...
The problem J I = Res correspond to solving

−∇.(c∇I) + (2 idt+ a− f ′) I = Res (A.182)
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A.12 Interface traps
Trapped electron and hole concentrations at a given energy level heve different definition de-
pending on the source used. In Tab. A.2, we indicate the definitions from Dessis and Medici.

Dessis def. Medici def. Occupation Net charge
(electron) donor trap electron donor trap nDt = NDt fn + if E > Efn, 0 if E < Efn

(electron) acceptor trap hole donor trap pAt = NAt fp 0 if E > Efp, - if E < Efp

neutral electron trap electron acceptor trap nt = NEt fn 0 if E > Efn, - if E < Efn

neutral hole trap hole acceptor trap pt = NHt fp + if E > Efp, 0 if E < Efp

Table A.2: Interface trap definition from Dessis and Medici simulators. Confusion
exists for the electron acceptor trap.

where fn and fp are the occupation probabilities for electron and holes respectively and
where NDt (cm−2eV−1) is the donor trap concentration, NAt is the acceptor trap concentration,
NEt is the neutral electron trap concentration, NHt is the neutral hole trap concentration, nDt

is the electron concentration of the donor trap level, pAt is the hole concentration of the acceptor
trap level, nt is the electron concentration of the neutral electron trap level, and pt is the hole
concentration of the neutral hole trap level.

Total positive charge:

Z +∞

−∞
(NDt − nDt) dE +

Z +∞

−∞
pt dE (A.183)

Total negative charge:

Z +∞

−∞
(NAt − pAt) dE +

Z +∞

−∞
nt dE (A.184)

where the integral runs on the electron energy E (eV).

A.13 Solution of 1d Poisson equation with sur-
face charges

The potential distribution in a semiconductor out of equilibrium (φn 6= φp) with a surface
charge density Qit (/cm2). can be calculated from Eqs. 4.1, 4.7, 4.16 and 4.17. The boundary
condition is obtained by the integration of Gauss law (∇D = ρ), keeping in mind that the
electric displacement [D = εE (C/m2)] deep in the substrate is zero. The electric displacement
at the surface (z=0) is thus Ds = qQit or, in term of electric field (in the silicon),

−Es = dφ/dz(z = 0) = −qQit/εSi (A.185)

Substituting Eq. 4.7 into Eq. 4.1, we obtain

d2φ

dz2
= −q/εSi (P −N + C) (A.186)

Assuming flat quasi-Fermi levels (i.e. φn and φp are independent of z) expressed relative to the
intrinsic Fermi potential φi, the electron (N) and hole (P) concentrations read (here written in
Maxwell-Boltzmann statistics),

N =niee
(φi−φn)/Vth (A.187)

P =niee
(φp−φi)/Vth (A.188)

288



A.13. Solution of 1d Poisson equation with surface charges

If we choose by convention φi = 0 deep in the substrate (where the electric field vanishes), we
have

Nb =niee
−φn/Vth (A.189)

Pb =niee
φp/Vth (A.190)

where Nb and Pb are the a priori known bulk (i.e. at the end of the space charge region)
electron and hole concentrations respectively, under optical injection. If we neglect BGN and
Fermi-statistics effects, we can further pose φ = φi (i.e. the intrinsic, valence and conduction
bands are all parallel to the potential and the potential is zero in the bulk) and the potential
equation becomes

d2φ

dx2
= −

q

εSi
(Pbe

−φ/Vth −Nbeφ/Vth + C) (A.191)

Integrating this equation from the bulk (φ = 0 and E = 0) to the silicon surface (φ = φs,
E = Es = qQit/εSi), and making use of E = −dφ/dx for the left hand side, we obtain

Z Es
0
EdE = −

q

εSi

Z φs

0
(Pbe

−φ/Vth −Nbeφ/Vth + C) dφ (A.192)

of which the result reads

E2
s = −2

q

εSi

“
−VthPb

“
e−φs/Vth − 1

”
− VthNb

“
eφs/Vth − 1

”
+ Cφs

”
(A.193)

Making used of the expression of the surface electric field (Eq. A.185), we obtain

Qit = ±
„
−

2εSi

q

“
−VthPb

“
e−φs/Vth − 1

”
− VthNb

“
eφs/Vth − 1

”
+ Cφs

”«1/2

(A.194)

This equation is nonlinear in φs and can be calculated numerically.

The potential distribution (i.e. as a function of z) can be calculated analytically if we further
assume φ� Vth. Poisson Eq. A.191 becomes a Helmoltz equation

d2φ

dz2
−

q

εVth
(Nb + Pb)φ = −

q

ε
(Pb −Nb + C) (A.195)

whose general solution reads

φ(z) =
qQit

εSi
√
γ
e−
√
γz (A.196)

with

γ =
q

εSiVth
(Nb + Pb) (A.197)

Note that since we have Pb ' Nb and C � Nb at high injection, the particular solution can be
neglected.
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A.14 Fitting of substrate excess carrier concen-
tration and excess temperature as a func-
tion of pump power

The excess carrier concentration and the excess temperature can be very well fitted by respec-
tively the following power log and power functions (Fig. A.7)

N'b =a0 + a1 log(P + dP ) + a2 log(P + dP )2 + a3 log(P + dP )3 (A.198)

N−b =N'b (P = 0) (A.199)

Tδb =b1P + b2P
2 + b3P

3 (A.200)

with, in the case of Schenk depletion model,6

a0 =− 4.86× 1020 (A.201)

a1 =2.24× 1020 (A.202)

a2 =− 3.52× 1019 (A.203)

a3 =1.94× 1018 (A.204)

dP =170 (A.205)

b1 =5.67× 10−2 (A.206)

b2 =1.85× 10−4 (A.207)

b3 =− 1.95× 10−7 (A.208)

and, in the case of Schenk original model,

a0 =− 2.83× 1020 (A.209)

a1 =1.25× 1020 (A.210)

a2 =− 1.90× 1019 (A.211)

a3 =1.06× 1018 (A.212)

dP =170 (A.213)

b1 =4.87× 10−2 (A.214)

b2 =1.77× 10−4 (A.215)

b3 =− 1.77× 10−7 (A.216)

(A.217)

The coefficient dP is set to an arbitrary > 1 value (here 170) in order to make the log positive.
Practically, a value dP = 170 is found to provide a good fitting.

6In the simulations, the probe power is 57 mw, and the probe and pump radius are respectiely
1.5 µm and 2.2 µm, as usual.
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A.15. Silicon optical functions
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Figure A.7: Differential excess carrier concentration [Nδ = N'(P ) − N'(0)] and temperature

[Tδ = T'(P )− T'(0)] from FSEM (symbols) and from power law fitting (lines).

q 1.602× 10−19 C
ε0 8.854× 10−12 F/m
c 2.998× 108 m/s
me 9.1095× 10−31 kg

Table A.3: Universal constants.

A.15 Silicon optical functions

Energy 1/λvac λvac n k α 1/α λSi
(eV) (cm−1) (µm) (cm−1) (µm) (nm)
2.0 16130 0.6199 3.8953 1.73e-2 3507.0 2.85 0.159
1.95 15730 0.6358 3.8662 1.57e-2 3103.1 3.22 0.164
1.90 15320 0.6526 3.8388 1.41e-2 2715.1 3.68 0.170
1.85 14920 0.6702 3.8127 1.26e-2 2362.5 4.23 0.176
1.80 14520 0.6888 3.7880 1.12e-2 2043.3 4.89 0.182
1.75 14110 0.7085 3.7644 9.92e-3 1759.5 5.68 0.188
1.70 13710 0.7293 3.7419 8.65e-3 1490.5 6.71 0.195
1.65 13310 0.7514 3.7204 7.45e-3 1245.9 8.03 0.202
1.60 12900 0.7749 3.6999 6.30e-3 1021.7 9.79 0.209
1.55 12500 0.7999 3.6801 5.22e-3 820.06 12.19 0.217
1.50 12100 0.8266 3.6611 4.21e-3 640.02 15.62 0.226
1.45 11690 0.8551 3.6429 3.29e-3 483.49 20.68 0.235

capacitance farad F = C/V s4A2/m2kg
electric charge coulomb C = sA sA

Table A.4: International (SI) derived units.
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1.40 11290 0.8856 3.6254 2.47e-3 350.48 28.53 0.244
1.35 10890 0.9184 3.6087 1.75e-3 239.45 41.76 0.254
1.30 10490 0.9537 3.5926 1.11e-3 146.26 68.37 0.265
1.25 10080 0.9919 3.5773 5.87e-4 74.367 134.47 0.277
1.20 9679 1.033 3.5628 2.21e-4 26.887 371.93 0.290
1.15 9275 1.078 3.5491 5.55e-5 6.4697 1545.7 0.304
1.10 8872 1.127 3.5362 1.39e-5 1.5499 6452.0 0.319

Table A.5: Silicon optical functions from Ref. n is the refracive index. k is the
extinction coefficient (ñ = n + ik). α = 4πk/λ is the absorption coefficient.
1/α is the absorption length.
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A.15. Silicon optical functions

thermal conductivity (k) 1.5 W cm−1 K−1

density (ρ) 2.33 10−3 kg cm−3

Specific heat (cp) 1428 J K−1 kg−1

Thermal diffusivity ( k
ρcp

) 0.45 cm2 s−1

Table A.6: Silicon (Si) thermal properties.

indirect band gap (Eg) 1.08 eV
direct band gap (Egi) 3.648 eV
m∗e (optical) 0.260×me (kg)
m∗h (optical) 0.386×me (kg)

Table A.7: Silicon (Si) electronic band structure information.
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A.16. CVD samples description

Table A.9: Uniformly doped samples

Sample set ID type Resistivity Conc.
NAO 1.1 p 4.62× 1018

1.2 p 7.10× 1018

1.3 p 6.42× 1018

1.4 p 7.71× 1018

1.5 p 1.13× 1019

1.6 n 4.7− 5.3× 1019

1.7 p 6.74× 1015

1.8 p 5.84× 1015

1.9 p 1.6× 1016

1.10 p 1.6× 1016

NA n 2× 1019

NB n 1.5× 1018

ND n 5× 1014

T42 n 1× 1018

297



A. APPENDIX

298



Bibliography

[1] Borden P., US PATENT 6323951 B1 (Nov. 2001): Apparatus and method for
determining the active dopant profile in a semiconductor wafer, 2001.

[2] International technology roadmap for semiconductors. International Technology
Roadmap for Semiconductors, http://www.itrs.net. URL http://www.itrs.net/

reports.html.

[3] Rosencwaig A. and Smith W. L.. US PATENT 4636088 (Jan. 1987): Method and
apparatus for evaluating surface conditions of a sample., 1987.

[4] Salnick A., Nicolaides L. and Opsal J. , US PATENT 7248367 B2 (Jul. 2007):
Characterization of ultra shallow junctions in semiconductor wafers., 2007.

[5] A. G. Aberle. Crystalline silicon solar cells : advanced surface passivation and
analysis, volume 8. University of New South Wales, Sydney. Centre for photo-
voltaic engineering., 1999.

[6] M. Abramowitz and I. Stegun. Handbook of mathematical functions. M.
Abramowitz and I. Stegun, 1964.

[7] S. Adachi. Model dielectric constants of si and ge. Physical Review B (Condensed
Matter), 38(18):12966–76, December 1988.

[8] Pietro P. Altermatt, Andreas Schenk, Frank Geelhaar, and Gernot Heiser. Re-
assessment of the intrinsic carrier density in crystalline silicon in view of band-
gap narrowing. Journal of Applied Physics, 93(3):1598–1604, 2003. URL http:

//link.aip.org/link/?JAP/93/1598/1.

[9] P.P Altermatt, J.O. Schumacher, A. Cuevas, M.J. Kerr, S.W. Glunz, R.R King,
G. Heiser, and A. Schenk. Numerical modeling of highly doped si:p emitters
based on fermi–dirac statistics and self-consistent material parameters. Journal of
Applied Physics, 92(6):3187–3197, 2002. URL http://link.aip.org/link/?JAP/

92/3187/1.

[10] D. E. ASPNES and A. FROVA. Influence of spatially dependent perturbations on
modulated reflectance and absorption of solids (reprinted in solid-state commun,
vol 7, pg 155-159, 1969). SOLID STATE COMMUNICATIONS, 88(11-12):1061–
1065, December 1993.

299

http://www.itrs.net/reports.html
http://www.itrs.net/reports.html
http://link.aip.org/link/?JAP/93/1598/1
http://link.aip.org/link/?JAP/93/1598/1
http://link.aip.org/link/?JAP/92/3187/1
http://link.aip.org/link/?JAP/92/3187/1


BIBLIOGRAPHY

[11] D.E. Aspnes. Handbook on Semiconductors: Modulation Spectroscopy, chapter
4A. Modulation Spectroscopy/Electric Field Effects on the dielectric function of
semiconductors, pages 109–153. T.S. Moss, 1980.

[12] G. BACCARANI, M. R. WORDEMAN, and R. H. DENNARD. Generalized scal-
ing theory and its application to a 1/4 micrometer mosfet design. Ieee Transactions
On Electron Devices, 31(4):452–462, 1984.

[13] D. Baek, S. Rouvimov, B. Kim, T.-C. Jo, and D. K. Schroder. Surface recombina-
tion velocity of silicon wafers by photoluminescence. Applied Physics Letters, 86
(11):112110, 2005. URL http://link.aip.org/link/?APL/86/112110/1.

[14] R.E. Bank, D.J. Rose, and W. Fichtner. Numerical methods for semiconductor de-
vice simulation. Electron Devices, IEEE Transactions on, 30(9):1031–1041, 1983.
ISSN 0018-9383.

[15] I. Barbereau, B. C. Forget, and D. Fournier. Characterization of electronic
transport properties in semiconductors by scanning photothermal microscopy.
PROGRESS IN NATURAL SCIENCE, 6:S479–S482, December 1996.

[16] I. Barbereau, S. Teysseyre, B. C. Forget, and D. Fournier. Photothermal mi-
croscopy investigation of silicon wafers: effect of surface recombination velocity.
unpublished, 1998.

[17] Y. Bard. Nonlinear Parameter Estimation. Academic, New York, 1974.

[18] A. Benninghoven, F. G Rudenauer, and Werner H. W. Secondary Ion Mass Spec-
trometry. JohnWiley & Sons, Chichester, 1987.

[19] F. BERZ, R. W. COOPER, and S. FAGG. Recombination in the end regions of
pin diodes. SOLID-STATE ELECTRONICS, 22(3):293–301, 1979.

[20] J. S. Blakemore. Semiconductor statistics, volume XII. Oxford, Pergamon, 1962.

[21] J. Bloch, J.G. Mihaychuk, and H.M. van Driel. Electron photoinjection from
silicon to ultrathin sio2 films via ambient oxygen. Physical Review Letters, 77(5):
920–923, 1996. URL http://link.aps.org/abstract/PRL/v77/p920.

[22] J. Bogdanowicz, F. Dortu, T. Clarysse, W. Vandervorst, D. Shaughnessy, A. Sal-
nik, L. Nicolaides, and J. Opsal. Advances in optical carrier profiling through high-
frequency modulated optical reflectance. In Proceedings of The Insight Workshop,
2007.

[23] J. Bogdanowicz, F. Dortu, T. Clarysse, W. Vandervorst, D. Shaughnessy, A. Sal-
nik, L. Nicolaides, and J. Opsal. Impact of inactive dopants in chemical vapor
deposition layers on photomodulated optical reflectance. Materials Science and
Engineering B-Solid State Materials for Advanced Technology, X(X):X, 2008.

[24] Janusz Bogdanowicz. Auger and SRH recombination terms in steady-periodic con-
ditions: harmonic balance. https://fsem.svn.sourceforge.net/svnroot/fsem/fsem/
models/doc/SteadyPeriodic/latex/RecombTerm.tex, 2006.

300

http://link.aip.org/link/?APL/86/112110/1
http://link.aps.org/abstract/PRL/v77/p920


Bibliography

[25] J. Bogdanowicza, F. Dortu, T. Clarysse, , and W. Vandervorst. Theory of pho-
tomodulated optical reflectance on active doping profiles in silicon. In ICPPP15
conference, Leuven, 2009.

[26] Leonid Bolotov, Toshiko Okui, and Toshihiko Kanayama. Scanning resonant tun-
neling spectroscopy of fullerene molecules on si surfaces for carrier density profiling
across [bold p]-[bold n] junctions. Applied Physics Letters, 87(13):133107, 2005.
URL http://link.aip.org/link/?APL/87/133107/1.

[27] P. Borden. Ci theory. Technical report, Boxer Cross, 2001.

[28] P. Borden. Junction depth measurement using carrier illumination. In David G.
Seiler, Patrick J. Smith, Alain C. Diebold, Robert McDonald, W. Murray Bullis,
Thomas J. Shaffner, and Erik M. Secula, editors, 2000 International Conference on
Characterization and Metrology for ULSI Technology, volume 550, pages 175–180.
AIP, 2001. URL http://link.aip.org/link/?APC/550/175/1.

[29] P. Borden. Optical, non-destructive characterization of ultra-shallow junctions.
Materials Science in semiconductor processing, 4(1-3):9–14, 2001.

[30] P. Borden, C. Ferguson, D. Sing, L. Larson, L. Bechtler, K. Jones, and P Gable.
In-line characterization of preamorphous implants (pai). Technical report, Boxer-
Cross, 2000.

[31] P. Borden, R. Nijmeijer, J. P. Li, L. Bechtler, and K. Lingel. Nondestructive
profile measurements of annealed shallow implants. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures, 18(1):602–604, 2000.
URL http://link.aip.org/link/?JVB/18/602/1.

[32] P. Borden, L. Bechtler, K. Lingel, and R. Nijmeijer. Handbook of Silicon Metrology.
Chapter 5: Carrier Illumination characterization of ultra-shallow implants. CRC,
2001.

[33] P. Borden, E. Budiarto, S. Felch, and H. Graoui. Non-destructive characterizing
of lateral doping effects. In David G. Seiler, Alain C. Diebold, Robert McDonald,
Caroline R. Ayre, Rajinder P. Khosla, Stefan Zollner, and Erik M. Secula, editors,
CHARACTERIZATION AND METROLOGY FOR ULSI TECHNOLOGY 2005,
volume 788, pages 259–263. AIP, 2005. URL http://link.aip.org/link/?APC/

788/259/1.

[34] R. M. Brennan and D. H Dickey. In Proc. of the Third International Workshop on
the Measurement and Characterization of Ultra-shallow Doping Profiles in Semi-
conductors edited by J. Ehrstein, R. Mathur, and G. McGuire (American Vacuum
Society, New York, 1995), p. 38.1., 1995.

[35] F. Brezzi, L.D. Marini, S. Micheletti, P. Pietra, R. Sacco, and S. Wang. Handbook
of Numerical Analysis,Vol. XIII, Numerical Methods in Electromagnetics: Finite
element and finite volume discretizations of Drift-Diffusion type fluid models for
semiconductors (pp. 317-441). P.G. Ciarlet, North-Holland - Elsevier Amsterdam,
2005.

301

http://link.aip.org/link/?APL/87/133107/1
http://link.aip.org/link/?APC/550/175/1
http://link.aip.org/link/?JVB/18/602/1
http://link.aip.org/link/?APC/788/259/1
http://link.aip.org/link/?APC/788/259/1


BIBLIOGRAPHY

[36] E. Budiarto, M. Segovia, P. Borden, and S. Felch. Carrier illumination measure-
ment of dopant lateral diffusion. NUCLEAR INSTRUMENTS & METHODS IN
PHYSICS RESEARCH SECTION B-BEAM INTERACTIONS WITH MATERI-
ALS AND ATOMS, 237(1-2):324–329, August 2005.

[37] T. Buyuklimanli and C. Magee. In SIMS-14, San Diego, CA, Appl. Surf. Sci., in
press., 2003.

[38] J. P. Campbell and P. M. Lenahan. Density of states of p[sub b1] si/sio[sub 2]
interface trap centers. Appl. Phys. Lett., 80(11):1945–1947, March 2002. URL
http://link.aip.org/link/?APL/80/1945/1.

[39] H. S. Carslaw and J.C. Jaeger. Conduction of Heat in Solids. Oxford University
Press, USA; 2 edition, 1986.

[40] A. Casel and H. Jorke. Comparison of carrier profiles from spreading resistance
analysis and from model calculations for abrupt doping structures. Applied Physics
Letters, 50(15):989–991, 1987. URL http://link.aip.org/link/?APL/50/989/1.

[41] D.M. Caughey and R.E. Thomas. Carrier mobilities in silicon empirically related
to doping and field. Proceedings of the IEEE, 55(12):2192–2193, 1967. ISSN 0018-
9219.

[42] M. Cernusca, R. Heer, and G. A. Reider. Photoinduced trap generation at the
si-sio2 interface. APPLIED PHYSICS B-LASERS AND OPTICS, 66(3):367–370,
March 1998.

[43] W. Chen and R. Reif. Metrology of sub-0.5 mu m silicon epitaxial films. Journal
of Vacuum Science & Technology A (Vacuum, Surfaces, and Films), 16(4):2330–6,
July 1998.

[44] Z. Y. Cheng and C. H. Ling. A model for minority carrier lifetime variation
in the oxide–silicon structure following 253.7 nm ultraviolet irradiation. Journal
of Applied Physics, 83(10):5289–5294, 1998. URL http://link.aip.org/link/

?JAP/83/5289/1.

[45] W. Chism, D. Pham, and J. Allgair. Photo-reflectance characterization of nanome-
ter scale active layers in si. In NIST International Conference on Frontiers of
Characterization and Metrology for Nanoelectronics, volume ??, page ??, 2007.

[46] C. Christofides, F. Diakonos, A. Seas, C. Christou, M. Nestoros, and A. Mandelis.
Two-layer model for photomodulated thermoreflectance of semiconductor wafers.
Journal of Applied Physics, 80(3):1713–25, August 1996.

[47] T. Clarysse, W. Vandervorst, and A. Casel. Quantitative analysis of on bevel
electrical junction shifts due to carrier spilling effects. Applied Physics Letters, 57
(26):2856–2858, 1990. URL http://link.aip.org/link/?APL/57/2856/1.

[48] T. Clarysse, W. Vandervorst, and M. Pawlik. Sheet resistance corrections for
spreading resistance ultrashallow profiling. Journal Of Vacuum Science & Tech-
nology B, 14(1):390–396, January 1996.

302

http://link.aip.org/link/?APL/80/1945/1
http://link.aip.org/link/?APL/50/989/1
http://link.aip.org/link/?JAP/83/5289/1
http://link.aip.org/link/?JAP/83/5289/1
http://link.aip.org/link/?APL/57/2856/1


Bibliography

[49] T. Clarysse, M. Caymax, and W. Vandervorst. Impact of three-dimensional lateral
current flow on ultrashallow spreading resistance profiles. Applied Physics Letters,
80(13):2407–2409, 2002. URL http://link.aip.org/link/?APL/80/2407/1.

[50] T. Clarysse, F. Dortu, and W. Vandervorst. Patent: Method for the independent
extraction of the carrier concentration level and electrical junction depth in carrier
illumination. Technical report, IMEC, 2004.

[51] T. Clarysse, F. Dortu, D. Vanhaeren, I. Hoflijk, L. Geenen, T. Janssens, R. Loo,
W. Vandervorst, B. J. Pawlak, V. Ouzeaud, C. Defranoux, V. N. Faifer, and
M. I. Current. Accurate electrical activation characterization of cmos ultra-shallow
profiles. Materials Science and Engineering B-Solid State Materials for Advanced
Technology, 114-115:166–173, December 2004.

[52] T. Clarysse, R. Lindsay, W. Vandervorst, E. Budiarto, and P. Borden. Carrier
illumination for characterization of ultrashallow doping profiles. Journal of Vac-
uum Science & Technology B: Microelectronics and Nanometer Structures, 22(1):
439–443, 2004. URL http://link.aip.org/link/?JVB/22/439/1.

[53] T. Clarysse, D. Vanhaeren, I. Hoflijk, and W. Vandervorst. Characterization of
electrically active dopant profiles with the spreading resistance probe. Materials
Science & Engineering R-Reports, 47(5-6):III–206, December 2004.

[54] T. Clarysse, W. Vandervorst, M. Bakshi, L. Nicolaides, A. Salnik, and J. Opsal.
Towards nondestructive carrier depth profiling. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures, 24(3):1139–1146, 2006.
URL http://link.aip.org/link/?JVB/24/1139/1.

[55] T. Clarysse, W. Vandervorst, R. Lin, D. H. Petersen, and P. F. Nielsen. Beyond
srp: Quantitative carrier profiling with m4pp. Nuclear Instruments & Methods
In Physics Research Section B-Beam Interactions With Materials And Atoms, 253
(1-2):136–140, December 2006.

[56] T. Clarysse, P. Eyben, B Parmentier, B. Van Daele, A. Satta, W. Vandervorst,
R. Lin, D. H. Petersen, and P. F. Nielsen. Advanced carrier depth profiling on
si and ge with m4pp. In Proc. of Int. Workshop on INSIGHT in Semiconductor
Fabrication, Metrology, and Modeling, 2007.

[57] Michael Current. Sheet resistance and leakage current mapping. Technical report,
Frontier Semiconductor, 2005.

[58] C. Defranoux, T. Emeraud, S. Bourtault, J. Venturini, P. Boher, M. Hernandez,
C. Laviron, and I. Noguchi. Infrared spectroscopic ellipsometry applied to the
characterization of ultra shallow junction on silicon and soi. Thin Solid Films,
455-56:150–156, May 2004.

[59] R. H. DENNARD, GAENSSLE.FH, H. N. YU, V. L. RIDEOUT, E. BASSOUS,
and A. R. LEBLANC. Design of ion-implanted mosfets with very small physical
dimensions. Ieee Journal Of Solid-State Circuits, SC 9(5):256–268, 1974.

303

http://link.aip.org/link/?APL/80/2407/1
http://link.aip.org/link/?JVB/22/439/1
http://link.aip.org/link/?JVB/24/1139/1


BIBLIOGRAPHY

[60] S. R. Dhariwal, L. S. Kothari, and S. C. Jain. Saturation of photovoltage and
photocurrent in p-n junction solar cells. IEEE Transactions on Electron Devices,
ED-23(5):504–7, May 1976.

[61] S. R. Dhariwal, R. K. Mathur, D. R. Mehrotra, and S. Mittal. The physics of
p-n junction solar cells operated under concentrated sunlight. Solar Cells, 8(2):
137–55, March 1983.

[62] S.R. Dhariwal, R. Gadre, and R.K. Mathur. Physics of bsf solar cells at high
levels of illumination. Electron Device Letters, IEEE, 4(4):105–107, 1983. ISSN
0741-3106.

[63] P. DIERCKX. An algorithm for cubic spline fitting with convexity constraints.
COMPUTING, 24(4):349–371, 1980.

[64] G. Dollinger, A. Bergmaier, L. Goergens, P. Neumaier, W. Vandervorst, and
S. Jakschik. High resolution elastic recoil detection. Nuclear Instruments & Meth-
ods In Physics Research Section B-Beam Interactions With Materials And Atoms,
219-20:333–343, June 2004.

[65] E. Don, C. Kohn, Pap A., Tutto P., Pavelka T., Laviron C., Oechesner R. Wyon
C. and, and M. Pfeffer. Improvements to high resolution mapping of junction pho-
tovoltage measured sheet resistance by corrcting for wafer edge and compensating
for junction leakage. In Proceedings of The Insight Workshop, 2007.

[66] F. Dortu, T. Clarysse, R. Loo, B. Pawlak, R. Delhougne, and W. Vandervorst.
Progress in the physical modeling of carrier illumination. Journal of Vacuum
Science & Technology B: Microelectronics and Nanometer Structures, 24(3):1131–
1138, 2006. URL http://link.aip.org/link/?JVB/24/1131/1.

[67] F. Dortu, J. Bogdanowicz, T. Clarysse, and W. Vandervorst. Nonlinear study
of photoelectrothermal modulated optical reflectance for active dopant profile ex-
traction. Journal of Applied Physics, 101:053107, 2007.

[68] F. Dortu, J. Bogdanowicz, T. Clarysse, and W. Vandervorst. Junction depth
and active dose extraction from photoelectrothermal modulated optical reflectance
(pmor) power curves. In Proceedings of the Insight workshop 2007, 2007.

[69] Fabian Dortu and Janusz Bogdanowicz. Fsem, a semiconductor drift-
diffusion equations solver using the finite elements method (fem).
http://fsem.sourceforge.net, GNU GPL, 2005.

[70] Fabian Dortu, Trudo Clarysse, Roger Loo, and Wilfried Vandervorst. Extracting
active dopant profile information from carrier illumination power curves. Journal
of Vacuum Science & Technology B: Microelectronics and Nanometer Structures,
24(1):375–380, 2006. URL http://link.aip.org/link/?JVB/24/375/1.

[71] M. G. DOWSETT and G. A. COOKE. 2-dimensional profiling using secondary ion
mass-spectrometry. Journal Of Vacuum Science & Technology B, 10(1):353–357,
January 1992.

304

http://link.aip.org/link/?JVB/24/1131/1
http://link.aip.org/link/?JVB/24/375/1


Bibliography

[72] S. T. DUNHAM, N. COLLINS, and N. JENG. Improved analysis of spreading
resistance measurements. Journal Of Vacuum Science & Technology B, 12(1):
283–289, January 1994.

[73] M. Erman and J. B. Theeten. Analysis of ion-implanted gaas by spectroscopic
ellipsometry. Surface Science, 135(1-3):353–73, December 1983.

[74] P. Eyben, S. Denis, T. Clarysse, and W. Vandervorst. Progress towards a physical
contact model for scanning spreading resistance microscopy. Materials Science And
Engineering B-Solid State Materials For Advanced Technology, 102(1-3):132–137,
September 2003.

[75] P. Eyben, D. Alvarez, M. Jurczak, R. Rooyackers, A. De Keersgieter, E. Augendre,
and W. Vandervorst. Analysis of the two-dimensional-dopant profile in a 90 nm
complementary metal-oxide-semiconductor technology using scanning spreading
resistance microscopy. Journal Of Vacuum Science & Technology B, 22(1):364–
368, January 2004.

[76] P. Eyben, W. Vandervorst, D. Alvarez, M. Xu, and M. Fouchier. Scanning
Probe Microscopy: Probing Semiconductor Technology and Devices with Scanning
Spreading Resistance Microscopy. Sergei Kalinin and Alexei Gruverman, Springer,
2007.

[77] V. N. Faifer, M. I. Current, and D. K. Schroder. Characterization of ultrashallow
junctions using frequency-dependent junction photovoltage and its lateral attenu-
ation. APPLIED PHYSICS LETTERS, 89(15):151123, October 2006.

[78] V. N. Faifer, M. I. Current, T. M. H. Wong, and V. V. Souchkov. Noncontact
sheet resistance and leakage current mapping for ultra-shallow junctions. Journal
of Vacuum Science & Technology B: Microelectronics and Nanometer Structures,
24(1):414–420, 2006. URL http://link.aip.org/link/?JVB/24/414/1.

[79] W. Fichtner, D.J. Rose, and R.E. Bank. Semiconductor device simulation. Electron
Devices, IEEE Transactions on, 30(9):1018–1030, 1983. ISSN 0018-9383.

[80] H. FINKENRATH. The moss rule and the influence of doping on the optical
dielectric-constant of semiconductors .1. INFRARED PHYSICS, 28(5):327–332,
September 1988.

[81] H. FINKENRATH. The moss rule and the influence of doping on the optical
dielectric-constant of semiconductors .2. INFRARED PHYSICS, 28(6):363–366,
November 1988.

[82] B. C. FORGET and D. FOURNIER. Electronic transport-properties characteriza-
tion of silicon-wafers by modulated photoreflectance. JOURNAL DE PHYSIQUE
IV, 1(C6):277–282, December 1991.

[83] B. C. Forget and D. Fournier. Characterization of implanted silicon-wafers by the
nonlinear photoreflectance technique. Materials Science and Engineering B-Solid
State Materials for Advanced Technology, 24(1-3):199–202, May 1994.

305

http://link.aip.org/link/?JVB/24/414/1


BIBLIOGRAPHY

[84] B. C. FORGET, D. FOURNIER, and V. E. GUSEV. Auger recombination in mod-
ulated photoreflectance characterization of silicon-wafers. APPLIED PHYSICS
LETTERS, 61(19):2341–2343, November 1992.

[85] B. C. FORGET, D. FOURNIER, and V. E. GUSEV. Nonlinear recombinations
in photoreflectance characterization of silicon-wafers. APPLIED SURFACE SCI-
ENCE, 63(1-4):255–259, January 1993.

[86] B. C. FORGET, D. FOURNIER, and V. E. GUSEV. Special effects of 3d diffusion
of plasma-wavesnon-linear photoreflectance signal. JOURNAL DE PHYSIQUE
IV, 4(C7):151–154, July 1994.

[87] B. C. FORGET, D. FOURNIER, and V. E. GUSEV. Non-linear recombination
processesapplication to quantitative implantation characterization. JOURNAL
DE PHYSIQUE IV, 4(C7):155–158, July 1994.

[88] A. R. Forouhi and I. Bloomer. Optical properties of crystalline semiconductors
and dielectrics. Physical Review B (Condensed Matter), 38(3):1865–74, July 1988.

[89] J. G. FOSSUM, F. A. LINDHOLM, and M. A. SHIBIB. Importance of surface
recombination and energy-bandgap narrowing in p-n-junction silicon solar-cells.
Ieee Transactions On Electron Devices, 26(9):1294–1298, 1979.

[90] J.G. Fossum, R.D. Nasby, and Shing Chong Pao. Physics underlying the perfor-
mance of back-surface-field solar cells. Electron Devices, IEEE Transactions on,
27(4):785–791, 1980. ISSN 0018-9383.

[91] D. Fournier. Photoacoustic and photothermal spectroscopy of condensed matter.
Analusis, 12(4):167–174, 1984.

[92] D. Fournier and A. C. Boccara. Thermal wave probing of the optical electronic and
thermal-properties of semiconductors. Materials Science and Engineering B-Solid
State Materials for Advanced technology, 5(2):83–88, January 1990.

[93] D. FOURNIER and B. C. FORGET. Thermal wave probing of the optical, elec-
tronic and thermal-properties of semiconductors. JOURNAL DE PHYSIQUE IV,
1(C6):241–252, December 1991.

[94] D. FOURNIER, C. BOCCARA, A. SKUMANICH, and N. M. AMER. Photother-
mal investigation of transport in semiconductorstheory and experiment. JOUR-
NAL OF APPLIED PHYSICS, 59(3):787–795, February 1986.

[95] M. Fried, T. Lohner, E. Jaroli, N. Q. Khanh, C. Hajdu, and J. Gyulai. Nondestruc-
tive determination of damage depth profiles in ion-implanted semiconductors by
multiple-angle-of-incidence single-wavelength ellipsometry using different optical
models. Journal of Applied Physics, 72(6):2197–201, September 1992.

[96] Hiroyuki Fujiwara. Spectroscopic Ellipsometry: Principles and Applications. Wi-
ley, 2007.

306



Bibliography

[97] F. FUNAK, A. MANDELIS, and M. MUNIDASA. Photothermal frequency-
domain depth profilometry of a discrete inhomogeneous surface-layer on homo-
geneous substrate. Journal De Physique Iv, 4(C7):95–98, July 1994.

[98] D. I. Garcia-Gutierrez, M. Jose-Yacaman, A. A. Khajetoorians, C. K. Shih, X.-D.
Wang, D. Pham, H. Celio, and A. Diebold. Study of two-dimensional b doping
profile in si fin field-effect transistor structures by high angle annular dark field in
scanning transmission electron microscopy mode. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures, 24(2):730–738, 2006.
URL http://link.aip.org/link/?JVB/24/730/1.

[99] R.B.M. Girisch, R.P. Mertens, and R.F. De Keersmaecker. Determination of si-sio2
interface recombination parameters using a gate-controlled point-junction diode
under illumination. Electron Devices, IEEE Transactions on, 35(2):203–222, 1988.
ISSN 0018-9383.

[100] Y. D. Glinka, W. Wang, S. K. Singh, Z. Marka, S. N. Rashkeev, Y. Shirokaya,
R. Albridge, S. T. Pantelides, N. H. Tolk, and G. Lucovsky. Characterization of
charge-carrier dynamics in thin oxide layers on silicon by second harmonic gener-
ation. PHYSICAL REVIEW B, 65(19):193103, May 2002.

[101] S. H. GOODWINJOHANSSON, M. RAY, Y. D. KIM, and H. Z. MASSOUD.
Reconstructed 2-dimensional doping profiles from multiple one-dimensional sec-
ondary ion mass-spectrometry measurements. Journal Of Vacuum Science &
Technology B, 10(1):369–379, January 1992.

[102] M. A Gribelyuk, A. G. Domenicucci, P. A. Ronsheim, J. S. McMurray, and
O. Gluschenkov. Application of electron holography to analysis of submicron
structures. In Proc. of Int. Workshop on INSIGHT in Semiconductor Fabrication,
Metrology, and Modeling, 2007.

[103] A.S. Grove. Physics and Technology of Semiconductor Devices. A. S. Grove.

[104] F. Hecht. Freefem++. http://freefem.org, GNU GPL, 2006.

[105] F. HECHT and A. MARROCCO. Mixed finite-element simulation of hetero-
junction structures including a boundary-layer model for the quasi-fermi lev-
els. COMPEL-THE INTERNATIONAL JOURNAL FOR COMPUTATION AND
MATHEMATICS IN ELECTRICAL AND ELECTRONIC ENGINEERING, 13
(4):757–770, December 1994.

[106] J. H. Hillard and M. Benjamin. Determination of implant activation and junction
leakage with a non-penetrating and non-damaging elastic material probe (em-
probe). In Proceedings of The Insight Workshop, 2007.

[107] R. J. Hillard, R. G. Mazur, C. W. Ye, M. C. Benjamin, and J. O. Borland. A
nonpenetrating 4pp measures usj sheet resistance. Solid State Technology, 47(8):
47–+, August 2004.

307

http://link.aip.org/link/?JVB/24/730/1


BIBLIOGRAPHY

[108] S. M. HU. Between carrier distributions and dopant atomic distribution in beveled
silicon substrates. Journal Of Applied Physics, 53(3):1499–1510, 1982.

[109] J. Hubin, A. V. Shah, and E. Sauvain. Effects of dangling bonds on the recom-
bination function in amorphous semiconductors. Philosophical Magazine Letters,
66(3):115–25, September 1992.

[110] Robert Hull, editor. Properties of Crystalline Silicon. INSPEC, 1999.

[111] Joerg Isenberg and Wilhelm Warta. Free carrier absorption in heavily doped silicon
layers. Applied Physics Letters, 84(13):2265–2267, 2004. URL http://link.aip.

org/link/?APL/84/2265/1.

[112] S. L. JANG. On the theory of the surface photovoltage technique based on the
flat quasi-fermi level approximation. Solid-State Electronics, 34(4):373–377, April
1991.

[113] G. E. Jellison and F. A. Modine. Optical functions of silicon between 1.7 and
4.7 ev at elevated temperatures. Physical Review B (Condensed Matter), 27(12):
7466–7472, 1983. URL http://link.aps.org/abstract/PRB/v27/p7466.

[114] Jr. Jellison, G.E. Handbook of Silicon Metrology. Chapter 25: Physics of Optical
Metrology of Silicon-Based semiconductor devices. CRC, 2001.

[115] Jr. Jellison, G.E. and F.A. Modine. Optical constants for silicon at 300 and 10 k
determined from 1.64 to 4.73 ev by ellipsometry. Journal of Applied Physics, 53
(5):3745–3753, 1982. URL http://link.aip.org/link/?JAP/53/3745/1.

[116] Jr. Jellison, G.E. and F.A. Modine. Optical functions of silicon at elevated
temperatures. Journal of Applied Physics, 76(6):3758–3761, 1994. URL http:

//link.aip.org/link/?JAP/76/3758/1.

[117] W. B. JOYCE and R. W. DIXON. Analytic approximations for fermi energy of
an ideal fermi gas. APPLIED PHYSICS LETTERS, 31(5):354–356, 1977.

[118] D. Kahng and M. M. Atalla. Silicon-silion dioxide field induced surface devices.
IRE Solid-State Device Research Conference, 1960.

[119] J. S. Kilby. Invention of the integrated circuit. IEEE Trans. on Electron Dev., 23:
648–654, 1976.

[120] D. B. M. Klaassen. A unified mobility model for device simulation .2. temperature-
dependence of carrier mobility and a. Solid-State Electronics, 35(7):961–967, July
1992.

[121] D. B. M. Klaassen. A unified mobility model for device simulation. 1. model-
equations and concentration-dependence. Solid-State Electronics, 35(7):953–959,
July 1992.

308

http://link.aip.org/link/?APL/84/2265/1
http://link.aip.org/link/?APL/84/2265/1
http://link.aps.org/abstract/PRB/v27/p7466
http://link.aip.org/link/?JAP/53/3745/1
http://link.aip.org/link/?JAP/76/3758/1
http://link.aip.org/link/?JAP/76/3758/1


Bibliography

[122] D. B. M. KLAASSEN, J. W. SLOTBOOM, and H. C. DEGRAAFF. Unified
apparent bandgap narrowing in normal-type and para-type silicon. Solid-State
Electronics, 35(2):125–129, February 1992.

[123] G. Jonathan Kluth, William G. En, P. Borden, L. Bechtler, and R. Nijmei-
jer. Nondestructive, in-line characterization of device performance parameters
of shallow junction processes. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures, 20(2):640–643, 2002. URL http:

//link.aip.org/link/?JVB/20/640/1.

[124] L. Kronik and Y. Shapira. Surface photovoltage phenomena: theory, experiment,
and applications. SURFACE SCIENCE REPORTS, 37(1-5):1–206, 1999.

[125] K.S. Kundert and A. Sangiovanni-Vincentelli. Simulation of nonlinear circuits in
the frequency domain. Computer-Aided Design of Integrated Circuits and Systems,
IEEE Transactions on, 5(4):521–535, 1986. ISSN 0278-0070.

[126] M. Y. Kwong. Impact of extension lateral doping abruptness on deep submicron
device performance. PhD thesis, Stanford University, 2002.

[127] Z. M. LI, S. P. MCALISTER, and C. M. HURD. Use of fermi statistics in 2-
dimensional numerical-simulation of heterojunction devices. SEMICONDUCTOR
SCIENCE AND TECHNOLOGY, 5(5):408–413, May 1990.

[128] J. E. Lilienfeld. Method and apparatus for controlling electric currents. U.S.
Patent 1 745 175, 1930.

[129] Gerald Lucovsky. Photoeffects in nonuniformly irradiated p-n junctions. Journal of
Applied Physics, 31(6):1088–1095, 1960. URL http://link.aip.org/link/?JAP/

31/1088/1.

[130] G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and V. Roberts. Fine structure
in the absorption-edge spectrum of si. Phys. Rev., 111(5):1245–, September 1958.
URL http://link.aps.org/abstract/PR/v111/p1245.

[131] W.C.J Magnus and W.J. Schoenmaker. Quantum Transport in Sub-Micron De-
vices. Springer, 2002.

[132] V. Malyutenko and S. Chyrchyk. Surface recombination velocity in si wafers by
photoinduced thermal emission. Applied Physics Letters, 89(5):051909, 2006. URL
http://link.aip.org/link/?APL/89/051909/1.

[133] A. Mandelis. Coupled ac photocurrent and photothermal reflectance response
theory of semiconducting /b p/-/b n/ junctions. i. Journal of Applied Physics, 66
(11):5572–83, December 1989.

[134] A. Mandelis and R. E. Wagner. Quantitative deconvolution of photomodulated
thermoreflectance signals from si and ge semiconducting samples. Japanese Jour-
nal of Applied Physics Part 1-Regular Papers Short Notes & Review Papers, 35
(3):1786–1797, March 1996.

309

http://link.aip.org/link/?JVB/20/640/1
http://link.aip.org/link/?JVB/20/640/1
http://link.aip.org/link/?JAP/31/1088/1
http://link.aip.org/link/?JAP/31/1088/1
http://link.aps.org/abstract/PR/v111/p1245
http://link.aip.org/link/?APL/89/051909/1


BIBLIOGRAPHY

[135] A. Mandelis, A. A. Ward, and K. T. Lee. Combined ac photocurrent and pho-
tothermal reflectance measurements in semiconducting /b p/-/b n/ junctions. ii.
Journal of Applied Physics, 66(11):5584–93, December 1989.

[136] A. Mandelis, A. Salnick, J. Opsal, and A. Rosencwaig. Nonlinear fundamental
photothermal response in three-dimensional geometry: Theoretical model. Journal
of Applied Physics, 85(3):1811–1821, February 1999.

[137] Andreas Mandelis. Diffusion-Wave Fields: Mathematical Methods and Green
Functions. Springer; 1 edition, 2001.

[138] Henry Mathieu. Physique des semiconducteurs et des composants electroniques.
Sciences Sup, 2004.

[139] Alex Maznev. Measuring usj samples with model-based infrared spectroscopic
reflectometry (mbir). imec and ams confidential. Technical report, AMS, 2006.

[140] Alex Maznev. 2nd usj sample set from imec: Measurement report. Technical
report, AMS, 2007.

[141] M. R. MCCARTNEY, D. J. SMITH, R. HULL, J. C. BEAN, E. VOELKL, and
B. FROST. Direct observation of potential distribution across si-si p-n-junctions
using off-axis electron holography. Applied Physics Letters, 65(20):2603–2605,
November 1994.

[142] K. R. McIntosh. A model for the steady-state photoconductance of an abrupt p-n
junction semiconductor diode assuming flat quasi-fermi levels. Ieee Transactions
On Electron Devices, 54(2):346–353, February 2007.

[143] J. J. H. Miller, W. H. A. Schilders, and S. Wang. Application of finite element
methods to the simulation of semiconductor devices. REPORTS ON PROGRESS
IN PHYSICS, 62(3):277–353, March 1999.

[144] G. Moore. Cramming more components onto integrated circuits. Electronics,
38(8), 1965.

[145] G. E. Moore. The role of fairchild in silicon technology in the early days of silicon
valley. Proc. of the IEEE, 86:53–62, 1998.

[146] L. Nicolaides, A. Salnick, and J. Opsal. Nondestructive analysis of ultrashallow
junctions using thermal wave technology. REVIEW OF SCIENTIFIC INSTRU-
MENTS, 74(1):586–588, January 2003.

[147] L. Nicolaides, A. Salnick, and J. Opsal. Study of low energy implants for ul-
trashallow junctions using thermal wave and optical techniques. REVIEW OF
SCIENTIFIC INSTRUMENTS, 74(1):563–565, January 2003.

[148] S. Olibet, E. Vallat-Sauvain, and C. Ballif. Model for a-si:h/c-si interface recombi-
nation based on the amphoteric nature of silicon dangling bonds. Physical Review
B (Condensed Matter and Materials Physics), 76(3):35326/1–14, July 2007.

310



Bibliography

[149] J Opsal. Thermal and plasma waves in semiconductors. Review of progress in
quantitative nondestructive evaluation, 6B:1339 –1346, 1987.

[150] J Opsal. Modulated interference effects and thermal wave monitoring of high-dose
implantation in semiconductors. Review of progress in quantitative nondestructive
evaluation, 8B:1241 – 1245, 1989.

[151] J Opsal. Modulated interference effects in thermal wave measurements on materi-
als containing optically transparent and weakly absorbing surface layers. Review
of progress in quantitative nondestructive evaluation, 10A:545 – 549, 1991.

[152] J. OPSAL and A. ROSENCWAIG. Thermal-wave depth profilingtheory. JOUR-
NAL OF APPLIED PHYSICS, 53(6):4240–4246, 1982.

[153] J. Opsal and A. Rosencwaig. Thermal and plasma wave depth profiling in silicon.
Applied Physics Letters, 47(5):498–500, September 1985.

[154] J. Opsal, M. W. Taylor, W. L. Smith, and A. Rosencwaig. Temporal behavior
of modulated optical reflectance in silicon. Journal of Applied Physics, 61(1):
240–248, January 1987.

[155] E.D. Palik. Handbook of Optical Constants of Solids. Academic Press, 1985.

[156] E.D. Palik. Handbook of Optical Constants of Solids III. Academic Press, 1998.

[157] E.D. Palik. Handbook of Opticals Constants of Solids III, Chap. 6. Academic
Press, 1998.

[158] P. Panayotatos and H.C. Card. Recombination velocity at grain boundaries in
polycrystalline si under optical illumination. Electron Device Letters, IEEE, 1
(12):263–266, 1980. ISSN 0741-3106.

[159] Jacques I. Pankove. Optical Processes in Semiconductors. Dover Publications,
1975.

[160] R. G. Parr and W. Yang. Density-Functional Theory of Atoms and Molecules,.
Oxford university Press, Oxford, 1989.

[161] C. Pickering, W. Y. Leong, J. L. Glasper, P. Boher, and J. P. Piel. Non-destructive
characterisation of doped si and sige epilayers using ftir spectroscopic ellipsometry
(ftir-se). Materials Science And Engineering B-Solid State Materials For Advanced
Technology, 89(1-3):146–150, February 2002.

[162] E. H. Poindexter, G. J. Gerardi, M.-E. Rueckel, P. J. Caplan, N. M. Johnson, and
D. K. Biegelsen. Electronic traps and p[sub b] centers at the si/sio[sub 2] interface:
Band-gap energy distribution. J. Appl. Phys., 56(10):2844–2849, November 1984.
URL http://link.aip.org/link/?JAP/56/2844/1.

[163] F.H. Pollak. Optical Properties of Semiconductors: Modulation Spectroscopy of
Semiconductors and Semiconductor Microstructures. Amsterdam, Elsevier, 1994.

311

http://link.aip.org/link/?JAP/56/2844/1


BIBLIOGRAPHY

[164] G.W. Rhyne, M.B. Steer, K.S. Kundent, and A. Sangiovanni-Vincentelli. Com-
ments on ‘simulation of nonlinear circuits in the frequency domain’ [with reply].
Computer-Aided Design of Integrated Circuits and Systems, IEEE Transactions
on, 8(8):927–929, 1989. ISSN 0278-0070.

[165] A. ROSENCWAIG. Thermal-wave microscopy of semiconductors, 1982.

[166] A. Rosencwaig. Applications of thermal-wave physics to semiconductor analysis.
Journal de Physique, 44(NC-6):437–452, 1983.

[167] A. Rosencwaig. Thermal-wave microscopy of semiconductor devices. In 1981
Ultrasonics Symposium, pages 828–831, 1981.

[168] A. ROSENCWAIG and R. M. WHITE. Imaging of dopant regions in silicon with
thermal-wave electron-microscopy. APPLIED PHYSICS LETTERS, 38(3):165–
167, 1981.

[169] Allan Rosencwaig, Jon Opsal, W.L. Smith, and D.L. Willenborg. Detection of
thermal waves through optical reflectance. Applied Physics Letters, 46(11):1013–
1015, 1985.

[170] A. J. Sabbah and D. M. Riffe. Femtosecond pump-probe reflectivity study of silicon
carrier dynamics. Physical Review B (Condensed Matter and Materials Physics),
66(16):165217, 2002. URL http://link.aps.org/abstract/PRB/v66/e165217.

[171] A. Salnick and A. Mandelis. Hamiltonian plasma-harmonic oscillator theory: Gen-
eralized depth profilometry of electronically continuously inhomogeneous semicon-
ductors and the inverse problem. JOURNAL OF APPLIED PHYSICS, 80(9):
5278–5288, November 1996.

[172] A. Salnick, L. Nicolaides, J. Opsal, A. Jain, D. Rogers, and L. Robertson. Si-
multaneous determination of ultra-shallow junction depth and abruptness using
thermal wave technique. Review of Scientific Instruments, 75(6):2144–2148, June
2004.

[173] Alex Salnick and Jon Opsal. Quantitative photothermal characterization of ion-
implanted layers in si. Journal of Applied Physics, 91(5):2874–2882, 2002. URL
http://link.aip.org/link/?JAP/91/2874/1.

[174] Alex Salnick and Jon Opsal. Dynamics of the plasma and thermal waves in surface-
modified semiconductors (invited). volume 74, pages 545–549. AIP, 2003. URL
http://link.aip.org/link/?RSI/74/545/1.

[175] Frederic Schaus. Modeling of non-contact sheet resistance and leakage current
measurements on advanced cmos structures. Master’s thesis, Universite de Liege,
2007.

[176] Andreas Schenk. Finite-temperature full random-phase approximation model of
band gap narrowing for silicon device simulation. Journal of Applied Physics, 84
(7):3684–3695, 1998. URL http://link.aip.org/link/?JAP/84/3684/1.

312

http://link.aps.org/abstract/PRB/v66/e165217
http://link.aip.org/link/?JAP/91/2874/1
http://link.aip.org/link/?RSI/74/545/1
http://link.aip.org/link/?JAP/84/3684/1


Bibliography

[177] Jan Schmidt and Armin G. Aberle. Carrier recombination at silicon–silicon nitride
interfaces fabricated by plasma-enhanced chemical vapor deposition. Journal of
Applied Physics, 85(7):3626–3633, 1999. URL http://link.aip.org/link/?JAP/

85/3626/1.

[178] Jan Schmidt and Andres Cuevas. Electronic properties of light-induced recombi-
nation centers in boron-doped czochralski silicon. Journal of Applied Physics, 86
(6):3175–3180, 1999. URL http://link.aip.org/link/?JAP/86/3175/1.

[179] Jan Schmidt, Frank M. Schuurmans, Wim C. Sinke, Stefan W. Glunz, and
Armin G. Aberle. Observation of multiple defect states at silicon–silicon nitride in-
terfaces fabricated by low-frequency plasma-enhanced chemical vapor deposition.
Appl. Phys. Lett., 71(2):252–254, July 1997. URL http://link.aip.org/link/

?APL/71/252/1.

[180] D. K. Schroder. Carrier lifetimes in silicon. IEEE Transactions on electron devices,
44(1):160–170, January 1997.

[181] P. A. Jr. Schumann and R. P. Phillips. Comparison of classical approximations
to free carrier absorption in semiconductors. SOLID-STATE ELECTRONICS, 10
(9):943–948, September 1967.

[182] Siegfried Selberherr. Analysis and simulation of semiconductor devices. Wien,
1984.

[183] B. Senitzky and S. P. Weeks. Infrared reflectance spectra of thin epitaxial silicon
layers. Journal of Applied Physics, 52(8):5308–5314, 1981. URL http://link.

aip.org/link/?JAP/52/5308/1.

[184] B. O. Seraphin and N. Bottka. Band-structure analysis from electro-reflectance
studies. Phys. Rev., 145(2):628–636, May 1966. doi: 10.1103/PhysRev.145.628.

[185] S. Severi. Ultra Shallow Junctions Formation for the Ultimate Scaling Limit:
Physics, Fabrication and Characterization. PhD thesis, Katholieke Universiteit
Leuven, 2006.

[186] J. R. Shallenberger. Boron chemistry and quantification in low energy boron im-
planted silicon by x-ray photoelectron spectroscopy. In Proceedings of The Insight
Workshop, 2007.

[187] W. Shockley and W. T. Read. Statistics of the recombinations of holes and elec-
trons. Phys. Rev., 87(5):835–, September 1952. URL http://link.aps.org/

abstract/PR/v87/p835.

[188] W. Shockley, W.W Hooper ., H.J. Queisser, and W. Schroen. Surf. Sci., 2:277,
1964.

[189] Semiconductor Industry Association (SIA). Metrology. International Technology
Roadmap for Semiconductors, 2005 - 2006 update ed., http://www.itrs.net, 2006.
URL http://www.itrs.net/reports.html.

313

http://link.aip.org/link/?JAP/85/3626/1
http://link.aip.org/link/?JAP/85/3626/1
http://link.aip.org/link/?JAP/86/3175/1
http://link.aip.org/link/?APL/71/252/1
http://link.aip.org/link/?APL/71/252/1
http://link.aip.org/link/?JAP/52/5308/1
http://link.aip.org/link/?JAP/52/5308/1
http://link.aps.org/abstract/PR/v87/p835
http://link.aps.org/abstract/PR/v87/p835
http://www.itrs.net/reports.html


BIBLIOGRAPHY

[190] Andrei P. Silard and Miron J. Duta. Effective intrinsic concentration n[sub ie]
in degenerately doped silicon. Journal of Applied Physics, 62(9):3813–3815, 1987.
URL http://link.aip.org/link/?JAP/62/3813/1.

[191] J. G. Simmons and G. W. Taylor. Nonequilibrium steady-state statistics and
associated effects for insulators and semiconductors containing an arbitrary dis-
tribution of traps. Physical Review B (Solid State), 4(2):502–11, July 1971.

[192] Sundaram S.K. and Mazur E. Inducing and probing non-thermal transisitions in
semiconductors using femtosecond laser pulses. Nature Materials, 1:217, 2002.

[193] S. Sleva and Y. Taur. The influence of source and drain junction depth on the
short-channel effect in mosfets. Ieee Transactions On Electron Devices, 52(12):
2814–2816, December 2005.

[194] J. W. Slotboom. Pn-product in silicon. Solid-State Electronics, 20(4):279–283,
1977.

[195] R. A. Smith. Wave Mechanics of crystalline Solids. Chapman and Hall, 1969.

[196] R. A. Smith. Semiconductors (2nd edition). Cambridge Univeristy Press, London,
1978.

[197] W. L. SMITH, A. ROSENCWAIG, D. L. WILLENBORG, J. OPSAL, and M. W.
TAYLOR. Ion implant monitoring with thermal wave technology. NUCLEAR
INSTRUMENTS & METHODS IN PHYSICS RESEARCH SECTION B-BEAM
INTERACTIONS WITH MATERIALS AND ATOMS, 21(2-4):537–541, March
1987.

[198] M. R. Spiegel, editor. Serie Schaum: Formules et tables de mathematique.
McGraw-Hill, 1997.

[199] W. G. Spitzer and H. Y. Fan. Determination of optical constants and carrier
effective mass of semiconductors. Physical Review, 106(5):882–890, 1957. URL
http://link.aip.org/link/?PR/106/882/1.

[200] B. G. Streetman and Banerjee S. Solit State Electronic Devices, Fifth edition.
Prentice Hall International, Inc., 2000.

[201] S. M. Sze. Physics of Semiconductors Devices. Wiley-Interscience, 3 edition, 2006.

[202] K. Thompson, J. H. Bunton, J. S. Moore, and K. S. Jones. Compositional analysis
of si nanostructures: Sims-3d tomographic atom probe comparison. Semiconductor
Science And Technology, 22(1):S127–S131, January 2007.

[203] Keith Thompson, J. H. Bunton, Thomas F. Kelly, and David J. Larson. Character-
ization of ultralow-energy implants and towards the analysis of three-dimensional
dopant distributions using three-dimensional atom-probe tomography. volume 24,
pages 421–427. AVS, 2006. URL http://link.aip.org/link/?JVB/24/421/1.

314

http://link.aip.org/link/?JAP/62/3813/1
http://link.aip.org/link/?PR/106/882/1
http://link.aip.org/link/?JVB/24/421/1


Bibliography

[204] T. E. Tiwald, A. D. W. Thompson, and J. A. Woollam. Optical determination
of shallow carrier profiles using fourier transform infrared ellipsometry. Journal
of Vacuum Science & Technology B (Microelectronics and Nanometer Structures),
16(1):312–15, January 1998.

[205] T. E. Tiwald, D. W. Thompson, J. A. Woollam, W. Paulson, and R. Hance.
Application of ir variable angle spectroscopic ellipsometry to the determination
of free carrier concentration depth profiles. Thin Solid Films, 313-314(1-2):661–6,
February 1998.

[206] H.G. Tompkins. A User’s Guide to Ellipsometry. Academic Press, INC, 1993.

[207] Akira Tonomura, Tsuyoshi Matsuda, Ryo Suzuki, Akira Fukuhara, Nobuyuki Os-
akabe, Hiroshi Umezaki, Junji Endo, Kohsei Shinagawa, Yutaka Sugita, and Hideo
Fujiwara. Observation of aharonov-bohm effect by electron holography. Phys. Rev.
Lett., 48(21):1443–1446, May 1982. doi: 10.1103/PhysRevLett.48.1443.

[208] R. R. TROUTMAN. Vlsi limitations from drain-induced barrier lowering. Ieee
Transactions On Electron Devices, 26(4):461–469, 1979.

[209] H. M. van Driel. Optical effective mass of high density carriers in silicon. Applied
Physics Letters, 44(6):617–619, 1984. URL http://link.aip.org/link/?APL/44/

617/1.

[210] R. J. Van Overstraeten and R. P. Mertens. Heavy doping effects in silicon. Solid-
State Electronics, 30(11):1077–1087, November 1987.

[211] R.J. Van Overstraeten, H.J. DeMan, and R.P. Mertens. Transport equations in
heavy doped silicon. Electron Devices, IEEE Transactions on, 20(3):290–298, 1973.
ISSN 0018-9383.

[212] W. van Roosbroeck. The transport of added current carriers in a homogeneous
semiconductor. Physical review, 91:282–289, 1953.

[213] W. Vandervorst. Patent 20030127591: Method and apparatus for local surface
analysis. Technical report, IMEC, 2003.

[214] W. VANDERVORST and T. CLARYSSE. Recent developments in the interpre-
tation of spreading resistance profiles for vlsi-technology. Journal Of The Electro-
chemical Society, 137(2):679–683, February 1990.

[215] W. Vandervorst, T. Clarysse, N. Duhayon, P Heyben, T. Hantschel, M. Xu, and
T. Janssens. Ultra shallow junction profiling. In IEDM, pages 429–432, 2000.

[216] W. Vandervorst, T. Clarysse, B. Brijs, R. Loo, Y. Peytier, B. J. Pawlak, E. Bu-
diarto, and P. Borden. Carrier illumination as a tool to probe implant dose
and electrical activation. In David G. Seiler, Alain C. Diebold, Thomas J.
Shaffner, Robert McDonald, Stefan Zollner, Rajinder P. Khosla, and Erik M.
Secula, editors, 2003 International Conference on Characterization and Metrol-
ogy for ULSI Technology., volume 683, pages 758–763. AIP, 2003. URL http:

//link.aip.org/link/?APC/683/758/1.

315

http://link.aip.org/link/?APL/44/617/1
http://link.aip.org/link/?APL/44/617/1
http://link.aip.org/link/?APC/683/758/1
http://link.aip.org/link/?APC/683/758/1


BIBLIOGRAPHY

[217] W. Vandervorst, T. Janssens, B. Brijs, T. Conard, C. Huyghebaert, J. Fruhauf,
A. Bergmaier, G. Dollinger, T. Buyuklimanli, J. A. VandenBerg, and K. Kimura.
Errors in near-surface and interfacial profiling of boron and arsenic. Applied Sur-
face Science, 231-2:618–631, June 2004.

[218] Y.P. Varshini. Physica (Netherlands), 34:149, 1967.

[219] R. E. Wagner and A. Mandelis. A generalized calculation of the temperature and
drude photo-modulated optical reflectance coefficients in semiconductors. Journal
of Physics and Chemistry of Solids, 52(9):1061–1070, 1991.

[220] R. E. Wagner and A. Mandelis. Intensity dependence of the photoreflectance
amplitude in semiconductors. Physical Review B, 50(19):14228–14236, November
1994.

[221] R. E. WAGNER and A. MANDELIS. Quantitative photomodulated thermore-
flectance studies of germanium and silicon semiconductors. Journal de Physique
IV, 4(C7):141–144, July 1994.

[222] R. E. Wagner and A. Mandelis. Nonlinear photothermal modulated optical re-
flectance and photocurrent phenomena in crystalline semiconductors .2. experi-
mental. Semiconductor Science and Technology, 11(3):300–307, March 1996.

[223] R. E. Wagner and A. Mandelis. Nonlinear photothermal modulated optical re-
flectance and photocurrent phenomena in crystalline semiconductors .1. theoreti-
cal. Semiconductor Science and Technology, 11(3):289–299, March 1996.

[224] W. Wang, G. Lpke, M. Di Ventra, S. T. Pantelides, J. M. Gilligan, N. H. Tolk, I. C.
Kizilyalli, P. K. Roy, G. Margaritondo, and G. Lucovsky. Coupled electron-hole
dynamics at the si/sio2 interface. Phys. Rev. Lett., 81(19):4224–, November 1998.
URL http://link.aps.org/abstract/PRL/v81/p4224.

[225] H. A. Weakliem and D. Redfield. Temperature dependence of the optical properties
of silicon. Journal of Applied Physics, 50(3):1491–1493, 1979. URL http://link.

aip.org/link/?JAP/50/1491/1.

[226] Rk. Willardson. Semiconductors and semimetals VOL3 - Optical properties of 3-5
compounds - Lattice effects. Academic Pr, 1976.

[227] R. G. Wilson, F. A. Stevie, and C. W. Magee. Secondary Ion Mass Spectrometry.
John Wiley & Sons, Chichester, 1989.

[228] P. De Wolf, T. Clarysse, and W. Vandervorst. Quantification of nanospreading
resistance profiling data. volume 16, pages 320–326. AVS, 1998. URL http:

//link.aip.org/link/?JVB/16/320/1.

[229] S. Zafar, A. Callegari, E. Gusev, and M. V. Fischetti. Charge trapping related
threshold voltage instabilities in high permittivity gate dielectric stacks. JOUR-
NAL OF APPLIED PHYSICS, 93(11):9298–9303, June 2003.

[230] P. C. Zalm. Dynamic sims: Quantification at all depths? Mikrochimica Acta, 132
(2-4):243–257, 2000.

316

http://link.aps.org/abstract/PRL/v81/p4224
http://link.aip.org/link/?JAP/50/1491/1
http://link.aip.org/link/?JAP/50/1491/1
http://link.aip.org/link/?JVB/16/320/1
http://link.aip.org/link/?JVB/16/320/1

	Acknowledgment
	Summary
	List of Publications
	List of Acronyms
	List of Symbols
	List of Tables
	List of Figures
	Contents
	Introduction
	Motivation
	Overview of USJ characterization
	Secondary Ion Mass Spectroscopy (1D)
	Spreading Resistance Probe (1D)
	Micro Four Point Probe (0D/1D)
	Scanning Spreading Resistance Microscopy (2D)
	Electron holography (1D)
	Junction Photo Voltage (0D)
	Others

	Optical probes for USJ characterization
	Reflectometry and Ellipsometry
	Photo Modulated Optical Reflectance
	Generalities
	CI State of the art and objective


	Content

	Experimental setup
	Hardware setup
	Measurement conditions 

	Optical modeling
	Fourier Components (signals)
	Reflectance
	First order reflection 
	First order Maxwell wave equation 
	Transfert matrix formulation 
	Comparison 
	Lateral integration 

	Refractive index
	The thermo-optic model (Jellison)
	The electro-optic free carrier absorption model (Drude)
	The electro-optic free carrier absorption model (Schumann)
	The band-to-band absorption model (Smith)

	Summary

	Material modeling
	Plasma
	The drift-diffusion equations
	The ambipolar diffusion equation
	The steady-periodic ambipolar diffusion equations
	Absorption and optical generation models
	Bulk Recombination models
	Surface Recombination models
	Single trapping center
	Pb center 

	Band Gap Narrowing models
	Mobility and Diffusivity models

	Temperature
	The heat equation
	Heat generation model
	Analytical solution

	General solution of the Helmholtz equation
	Finite element formulation
	The Gummel map for the DD equations in Slotboom's variables
	Resolution flow chart


	Experiment vs. Theory
	Surface charging
	The capacitor model
	Removal of the charging contribution

	Uniform doping
	Experimental data 
	General information about the simulation
	MEDICI vs. FSEM
	Analysis of the models
	Bulk recombinations
	Surface recombinations
	Mobilities
	Injection dependent BGN
	High illumination power (GW/cm2)
	Frequency effects


	Nonuniform doping
	Experimental data
	Preliminary analysis of the experimental data
	Temperature dependence on the layer thickness
	Impact of the lateral profile on the signal

	General information about the simulations
	MEDICI vs. FSEM solutions
	General behavior of the solution
	Analysis of the models
	Injection dependent BGN
	Surface Recombinations
	Layer mobility


	Conclusion

	Approximated Solutions
	Nonlinear currentless approximation
	Flat Quasi Fermi Level (FQL) and Doping Layer Invariant Bulk Level (LIBL) approximations
	Excess carrier concentration in the layer
	Lateral decay length in the layer
	Junction potential
	Extension to arbitrary profiles
	LIBL approximation validity 
	FQL approximation validity

	Conclusion

	Inverse Problem
	The inflection point method
	The high vs low power derivative method
	Error estimation by Monte-Carlo approach

	Direct optimization
	Backward deconvolution by staircase doping profile approximation
	Conclusion

	Conclusions
	APPENDIX
	BX10 data 
	BX10 output file description
	Normalized R1 legacy calculation
	Laser power uncertainty

	Reference phase calculation
	n,k, 1, 2
	Fundamental relations at interface
	First order surface differential reflectance 
	Maxwell wave equation 
	Calculation of Aspnes semi-infinite integral 
	Calculation of Aspnes reflectance from the phase derivative 

	Reflectance functional derivative 
	First order reflection
	First order Maxwell wave equation

	Use of maxima for interference calculation
	Nonlinear steady periodic approximation
	The harmonic recombination terms
	Jacobian 


	The drift-diffusion (DD) equations
	Expression of the currents in Slotboom's variables
	Expression of the currents in Slotboom's variables (relative to intrinsic level)
	Expression of the currents in drift-diffusion form
	Fermi-Dirac statistics
	Einstein relation in Fermi-Dirac statistics
	The Drift-Diffusion equation in Slotboom variables
	The Gummel map for the drift-diffusion equations
	Equilibrium

	Matrix expressions for the Helmoltz equation
	Interface traps
	Solution of 1d Poisson equation with surface charges
	Fitting of substrate excess carrier concentration and excess temperature as a function of pump power
	Silicon optical functions
	CVD samples description 

	Bibliography

