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Abstract

A novel experimental technique has been developed for measuring the light trapping enhancement
and the carrier recombination lifetime in silicon wafers. The technique is based on the pump/probe
modulated free carrier absorption (MFCA) method, where the probe beam, attenuated by generated
free carriers, carries information about the effective lifetime and the average light path
enhancement in a textured silicon wafer. For the first time, a reflection mode MFCA technique is
presented where the reflected part of the probe beam is used to perform measurements, while the
conventional technique is based on measurements of the transmitted part of the probe beam. A
theoretical model is presented to explain the behavior of the light beam in double-side polished
and double-side textured silicon wafers. The model yields good agreement with the experimental
results and explains the difference in the amplitudes of the reflected and transmitted signals. The
results of the experimental measurements of the light path enhancement in a double-side textured
sample are analyzed and the reasons for their deviation from the Lambertian limit are discussed.
This work presents new applications of the MFCA technique and shows how it can be used for the

simultaneous determination of more than one crucial characteristic of silicon solar cells.
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1. Introduction

In this work, | demonstrate how the modulated free carrier absorption (MFCA) method can be
used in reflection mode geometry to measure the effective lifetime in silicon and analyze the
optical properties of the examined sample. | also develop a new experimental technique based on
the MFCA method for simultaneous measurement of the light trapping enhancement and effective

lifetime in textured silicon samples.

Pump-probe MFCA is a standard method for measuring carrier recombination lifetime in silicon,
which is one of the most important parameters to characterize semiconductor material quality. A
high lifetime semiconductor material is necessary to achieve superior device performance in high
efficiency solar cells or random access memory cicruits [1], [2]. Lifetime measurements provide
an opportunity to check the quality of feedstock before device fabrication, ensuring the high quality
of the final product. Lifetime screening is particularly important in the photovoltaics industry
where there is a trend for less expensive silicon feedstock with lower quality [3], as well as high
lifetime material for high efficiency cells [1]. Detailed investigation of the minority carrier lifetime
gives information about electrically active defects in a semiconductor material such as their density
and energetic location relative to the valence or conduction band edges [4]. The conventional
MFCA technique is a transmission mode pump/probe method where the excess carrier density is
probed by measuring the free carrier absorption signal following an excitation pulse. An above-
bandgap pump beam injects excess carriers into the sample while a below-bandgap probe beam
transmitted through the sample is used to monitor the decay of carrier concentration, in either time
[5] or frequency [6] domain. The characteristic decay curves — exponential for time domain and

Lorentzian for frequency domain — are fit to extract the lifetime. The new approach presented in

1
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this thesis can be described as a reflection mode MFCA technique where the reflected part of the
probe beam is used to measure the lifetime. The reflection mode geometry is not new in pump-
probe spectroscopy in general. This geometry is used to measure the photomodulated reflectivity
and analyze the free carrier dynamics in various semiconductor materials [7]-[9]. In particular,
techniques like modulated thermoreflectance (MTR) [10] and photocarrier radiometry (PCR) [11]
use a reflection mode geometry to analyze the transport properties of semiconductors. However,
the reflection mode technique has not been previously used in free-carrier absorption
measurements. The reflection mode MFCA technique can provide a new noncontact and non-
destructive approach particularly suited to measure free-carrier lifetime in silicon wafers with
potential use in an industrial production line. With this advance, the MFCA method becomes more

flexible in the choice of the geometry of the experimental setup.

Modern silicon solar cells have textured surfaces. Surface texturization plays a key role in
improving solar cell’s efficiency and reducing production costs. A pyramidally textured surface
can effectively reduce the reflectance of light on the surface of the cells due to the double bounce
effect. The texturing also enhances the light absorption of the weakly absorbed light near the
bandgap via multiple reflections inside the cells, thus increasing the cell efficiency [12]. Therefore,
control of the quality of the surface during the texturization process in a laboratory or a production
line and quality control of the light trapping properties of the final product is an extremely
important task. Existing methods of measuring the light trapping capabilities of textured silicon
are not suitable for testing in a production line due to high experimental complexity. The method
that I develop in this work is relatively simple in implementation. It is based on the pump/probe
MFCA technique. It is well known that the FCA signal is proportional to the concentration of
excess carriers in the system. But for a textured silicon sample, it is also proportional to the optical

2
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path enhancement factor, as the FCA signal increases due to the longer path of light rays inside a
textured wafer. This fact can be used to measure the light path enhancement factor of a textured
silicon wafer. For the first time, | present an experimental technique based on pump/probe MFCA
that can simultaneously measure the effective lifetime and the light trapping enhancement factor
of the textured silicon wafer. | believe this could be an extremely useful technique for the silicon
photovoltaic industry as it can evaluate more than one crucial characteristic of a solar cell at the

same time.

The content of this work is outlined as follows. In Chapter 2, | discuss the background theory that
is relevant to this work. The various absorption and recombination mechanisms in a semiconductor
are discussed. The general lifetime measurement procedure is examined, describing the excess
carrier density dynamics under optical excitation. The concept of light trapping and maximum
light trapping limit are described. In Chapter 3, | review the literature behind lifetime measurement
in silicon based on optical techniques, various techniques that use reflection mode geometry, and
experimental methods and metrics for measurement of light trapping enhancement. In Chapter 4,
| present the experimental apparatus that is used in this work. The components of the experimental
setup and the methodology are discussed. The specifications and characterization of the silicon
samples used in this work are also presented. In Chapter 5, | develop the reflection mode MFCA
technique and compare the experimental results with the transmission mode geometry. Theoretical
models describing the light propagation inside double-side polished and textured silicon samples
are derived. In Chapter 6, | develop the pump/probe MFCA technique for measurement of the light
path enhancement in a textured silicon wafer. | derive a model that describes the measured signal,
explains the experimental procedure, and analyzes the results. In Chapter 7, | provide concluding

remarks and ideas for future work.
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2. Theoretical Background

2.1.  Absorption in Semiconductors

E Indirect Bandgap, £

: |‘ CB :
Direct Bandgap "-, <——_~.~— Photon \/k ) 3 A
<
E, Y ’ Photon W—/ r
E

/

J Phonon

(a) GaAs (Direct bandgap) (b) Si (Indirect bandgap)

Figure 2.1 Photon absorption in a) direct and b) indirect semiconductor [13].

There are two main absorption mechanisms in semiconductors that are involved in the
measurement of effective lifetime: interband and intraband. Interband, or band-to-band absorption,
happens when photons with energy higher than the characteristic bandgap of the semiconductor
are absorbed to excite electrons from the valence band to the conduction band, leaving holes in the
valence band. The mechanism of band-to-band absorption follows the conservation of energy and
momentum laws. Therefore, the exact mechanism is different for direct and indirect bandgap
semiconductors. In direct bandgap semiconductors, the edges of conduction and valence bands are
aligned in crystal momentum space and therefore the absorption process does not require
additional momentum. In indirect bandgap semiconductors, as the valence and conduction band
edges are not aligned in crystal momentum space, momentum-conserving collision with a phonon

is required to promote an electron to the conduction band. The requirement of an additional quasi-
4
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particle to participate in the absorption process reduces the probability of it happening. Thus, in
direct bandgap semiconductors, such as GaAs, the absorption coefficient is much higher compared
to indirect bandgap semiconductors such as Si. Simplified energy band diagrams for GaAs and Si
are shown in Figure 2.1, which illustrates the interband absorption scheme for direct and indirect

bandgap semiconductors.

E
r 3
Conduction Band
=
po
[} —
&5 (_) Electron
S ) Hole
o
@
(¥4
> [k

C ) ~ Crystal Momentum

Valence Band
Figure 2.2 Diagram of band-to-band and free carrier absorption in an indirect bandgap semiconductor. [14]

While interband absorption is used to generate electrons and holes in the conduction and valence
bands, intraband absorption is used to analyze the concentration of generated carriers. Intraband
absorption, or free-carrier absorption (FCA), occurs when a free electron or hole absorbs light and
is excited to a higher energy state within the same band. As FCA is proportional to the density of
electrons/holes in conduction/valence bands, it gives direct information about the population
density of free carriers. A simple scheme of band-to-band and free-carrier absorption processes in
Si is shown in Figure 2.2. Due to approximately parabolic energy dispersion in the conduction and
valence bands, intraband absorption requires a momentum conserving collision as in the case of

interband absorption in indirect bandgap semiconductors. Lattice scattering (emission or

5
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absorption of a phonon), electron-hole scattering, or scattering from a charged impurity can play
the role of the momentum-conserving event [15]. The FCA coefficient arca is given by the Drude

theory of conductivity [16]:

. _ q312 n N p -
FCA™ 4m2e,c3n |mi2u, MyZ [y, (2.1)

where q is the fundamental electron charge, 4 is the wavelength of light being absorbed, & is the
permittivity of free space, c is the speed of light, » is the refractive index of the semiconductor,
my* and my* are the electron and hole conductivity effective masses, respectively, u» and up are
the electron and hole mobilities, respectively. In this work, it is considered that free carriers are
generated in a one-to-one ratio, therefore n = p. Equation (2.1) can be simplified and written in

terms of the free carrier absorption cross section orca:

Apca = Opcal (2.2)

In this case, the free carrier absorption coefficient is proportional to the material constant and the
free carrier density. However, agrca, in general, is also proportional to n as the carrier mobilities
depend on the carrier density [17]. The Drude model, which is used to derive Equation (2.1),
underestimates the value of arca and cannot correctly explain its behaviour with changing n [18].
This is because the Drude model is based on a more general model that describes FCA only in
terms of scattering from acoustic phonons [19]. But other types of particle interaction, such as
scattering from optical phonons [20], electron-hole scattering [15], and scattering from ionized

impurities [21] can contribute differently to FCA. The type of free carriers in the semiconductor
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also has a different impact on grca due to different dominant scattering mechanisms. The change
of orca in heavily doped samples is largely due to carrier-lattice scattering [20], while in photo-
excited samples it occurs due to carrier-carrier scattering, and arises only for relatively high
concentrations [22]. It was shown by Boyd. [14], that when the injected carrier density is small or

comparable to the doping level, it can be expected that arca will remain constant.

2.2. Recombination in Semiconductors

Recombination in semiconductors refers to the processes by which electron-hole pairs are lost due
to the spontaneous transition of an excited electron from the conduction band to an unoccupied
state (hole) in the valence band, in other words, the annihilation of the two carriers. The time-
dependant recombination rate of the excess carriers follows an exponential law. The time constant
of this exponential decay represents the recombination lifetime — the average time over which the
population of carriers above the thermal equilibrium concentration recombine. In general, electron-
hole pairs can recombine via different recombination mechanisms: intrinsic and extrinsic. Intrinsic
mechanisms are always present and depending on the way the excess energy released by the decay
of electron-hole pair is dispersed, two types of recombination are distinguished: radiative and
Auger. The extrinsic recombination mechanisms occur indirectly — via a defect center with an
intermediate energy level in the bandgap. If the defect center is located in the bulk of the
semiconductor, it is the Shockley-Read-Hall (SRH) recombination mechanism, otherwise, it is
surface recombination. The total lifetime that is measured — the effective lifetime — is the reciprocal

sum of several independent recombination mechanisms:

1 1 1 1 1
=t — [+ — (2.3)
T Trad TAug TSRH Ts
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where Trad, Taug, Tsru, and ts are the radiative, Auger, Shockley-Read-Hall (SRH), and surface
recombination lifetimes, respectively. The dominance of one of these recombination mechanisms
is determined by the injection level, the purity, and the type of the given semiconductor. All the
recombination mechanisms that occur within the volume of the crystal are separated in the square

brackets in Equation (2.3) and represent the bulk lifetime 7.

2.2.1. Radiative, Auger and SRH Recombination
Conduction band j'l; “‘.,\ Conduction band‘,‘-‘"
E \'\\ g /
.l.' _ E(
|~
—“”_ Phonen | }ﬂ]
E LHJ Photon ) E, Photon E,
(1L ] (100) k ()~ (| ~(100) k (a1 = (') (100) Kk
Valence band / Valence band / Valence band 2

(a)

(c)

Figure 2.3. Main recombination mechanisms in semiconductors: (a) Trap assisted recombination. (b) Radiative
recombination. (c) Auger recombination. [23]

Radiative recombination is the process of direct annihilation of a conduction band electron with a
valence hole, involving the emission of a photon with energy approximately equal to that of the
bandgap. Radiative recombination is typically the dominant recombination process in direct
bandgap semiconductors, as the conduction band minimum and valence band maximum are
located at the same position in k-space, so the momentum conservation is ensured. In indirect
bandgap semiconductors, such as Si, due to the requirement of interaction with a third quasi-
particle to ensure the conservation of momentum, the probability of radiative recombination is
reduced and its rate is considerably lower compared to direct semiconductors [4]. The radiative

recombination lifetime can be described as:
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1
B(ngy + py + An)

Trad = (2.4)

where n, and p, are the equilibrium carrier densities, An is the density of free carriers, and B is a

rate constant.

Auger recombination, shown in Figure 2.3 (c), is a three-particle process where the energy released
by the recombination of an electron-hole pair is not emitted with a photon but transferred to a third
free carrier. The third carrier absorbs the energy and moves to a higher energy state, after which it
quickly releases its excess energy as phonons to the crystal. Due to the requirement of the
interaction with a third particle, the Auger recombination lifetime is much longer at lower free
carrier densities. However, the probability of recombination occurring will rise at higher carrier
densities making the lifetime shorter. The Auger recombination lifetime at high injection levels is

given by [4]:

Taug = C n? (2.5)

where n is the free carrier density, and C, is the so-called ambipolar Auger coefficient. In silicon,

Auger recombination becomes the dominant mechanism of recombination at high injection levels.

SRH recombination, or trap assisted recombination, shown in Figure 2.3 (a), is a two-step
mechanism where free carriers recombine through the energy states (defect levels) within the
forbidden bandgap produced by the presence of impurities or crystallographic dislocations in a
semiconductor. A defect level acts as a recombination center — it captures an electron from the

conduction band and then a hole from the valence band can be captured to annihilate with the
9
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electron, or the captured electron can relax to the valence band to annihilate a hole. The trap-
assisted recombination process requires a change in momentum of the conduction band electron
or valence band hole. This momentum change occurs by an interaction with a lattice phonon. The

lifetime associated with the SRH recombination is given by the SRH equation [4]:

Tno(Po + P1 + 1) + Tpo(ng + 1y + 1)

TSRH = T + Do + 1 (2.6)

where n is the density of excess carriers, n, and p, are the equilibrium carrier densities of
electrons and holes, respectively, n; and p; are the equilibrium densities of electrons and holes
when the Fermi level is equal to the defect energy level, and ,,, and 7, are the capture time
constants for electrons and holes which are related to the thermal velocity v, , the defect

concentration N, and the capture cross-sections a,, and o,, of the specific defect center this way:

1
_ 1
Tpo = Neo,ven (2.8)

Analysis of the SRH lifetime is a useful technique for semiconductor characterization as it depends
on the energy levels of defects. Often defects are unwanted contaminants that can worsen
performance of the system. Measurement of SRH lifetime makes it possible to determine the nature

of impurity content.

10
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according to the SRH formalism (solid curves) with trap energy levels as parameters [24].

However, the total effective lifetime strongly depends on the injection level of free carriers. Figure
2.4 presents the injection level dependence of the total effective lifetime as a function of carrier
injection, for different energy levels of traps in the bandgap. At low concentrations of excess
carriers (values smaller than the doping density Np shown by red dashed vertical line), the total
lifetime in silicon is dominated by SRH lifetime. Low level traps, those which are closer to the
conduction or valence band, produce high SRH lifetime. At the same time, deeper traps lead to
much lower SRH lifetime as there is a smaller probability for trapped carriers to escape due to
thermal excitation. As the injection level rises and becomes higher than the doping level, the SRH
lifetimes converge to a constant value independently from the nature of trap levels. Auger
recombination becomes dominant, decreasing the total effective lifetime (long-dash line).

Radiative recombination is negligible. Typical lifetimes in silicon are in the range of 1 yus — 1 ms.

11
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2.2.2. Surface Recombination and Diffusion

The surface of a silicon wafer represents an abrupt discontinuity in the crystal structure. As a result,
the surface is covered with a large number of partially bonded silicon atoms. Dangling bonds act
as traps which provide an additional route for free carriers to recombine. So, surface recombination
resembles SRH recombination with one major difference that surface defects represent a
continuum of energy levels within the bandgap instead of discrete energy levels as in the case of
bulk defects. The surface recombination is described by the surface recombination velocity, s and

its defining equation is [24]:

D (Z—:) = —sn (2.9)

where D is the diffusion coefficient, and n is the excess carrier concentration.

A high rate of surface recombination, especially in thin samples, can significantly decrease the
performance of the device and make it impossible for experimental methods to accurately
determine the bulk lifetime. Another source of inaccuracy in lifetime measurements is carrier
diffusion produced by high surface recombination. In the case of higher recombination rates at the
surface compared to recombination in the bulk, a flow of carriers towards the surface is produced,
which leads to the drainage of carriers in the bulk. Thus, the local carrier lifetime is only obtained

within the radius of a diffusion length, given by [24]:

L, = VDt (2.10)

The diffusion length is relatively short for direct bandgap semiconductors, therefore carrier

diffusion is not a problem for lifetime measurement techniques. But in indirect bandgap

12
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semiconductors, the diffusion length may be several hundred microns making the surface quality

a critical factor for lifetime measurements. Overall, the surface lifetime is described by [24]:

1 1

where d is the smallest dimension of the sample (usually the wafer thickness).

2.3.  Measurement of Lifetime

This chapter discusses the theoretical background of excess carrier density dynamics under optical
excitation. The theory of carrier distribution is then used to demonstrate how carrier lifetime can
be measured in 3 different modes: time, frequency, and quasi-steady-state domains. Most of the

theoretical derivations are described in Boyd’s work [14] and used as a basis for this work.

A general 3-dimensional equation describing the time dependent excess carrier concentration n in

a semiconductor is given by:

n(r, z,t)

on(r,zt
In@r.2,1) = DV?n(r,zt) — —+ g(r,z1t) (2.12)
b

Jt

where D is the diffusion coefficient, 7, is the bulk recombination lifetime, and g is the volumetric
generation rate of free carriers. This equation states that the net rate of change of carrier population
in a differential volume of semiconductor material is the sum of the net carrier diffusion rate,
carrier recombination rate, and carrier generation rate. The generation in this work will always be
due to optical excitation. The charge carrier dynamics is fully described in Equation (2.12) without

distinguishing between electrons and holes. This is possible because in silicon, in the case when
13
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electrons and holes are generated in equal concentrations, the carrier diffusion is ambipolar [25].
As a result, the carrier diffusion coefficient is intermediate between the values for electrons and

holes, and the drift effects may be neglected. A deeper explanation of this effect is given in [14].

In typical lifetime experiments, the examined volume containing free carriers is much smaller than
the volume where the carriers are being generated. Thus, it can be assumed that the net rate of
carriers diffused out of the examined volume is equal to the net rate of carrier diffused into the
volume, and (2.12) can be simplified to a 1-dimension case:

n(z,t)
Tp

on(z,t)
at

2
D 32 n(zt) — + g(z,t) (2.13)

where z is the dimension along the thickness axis of the wafer. Equation (2.13) can be further
simplified in the case when the generation rate is uniform along z, and surface recombination rate

can be neglected:

—=g@) - - (2.14)

In this equation, the time rate-of-change of free carriers in a semiconductor is described by only
the generation rate subtracted by the rate of recombination. In the experiments, n can be measured
in the time, frequency, or steady-state regimes. In time-domain experiments, a pulsed laser with
narrow pulse width almost instantaneously excites n, and the decay of n back to equilibrium is

monitored over time. For a pulse with pulse width << t, the generation rate g(t) can be

approximated by a Dirac-delta function in time. This transforms the Equation (2.14) to Z—Tz =—-n/t
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with the initial condition n(0) = no = No Where No is the number of photons absorbed from the laser

pulse. The solution to this equation is:

n=mnge t© (2.15)

It can be seen from Equation (2.15), that the lifetime can be calculated by fitting the n decay curve
with exponential function parametrized by 7. The decay of carrier concentration is monitored by
measuring a physical quantity proportional to it. Depending on the type of experimental technique,
different parameters can act as this quantity — the power of reflected microwaves from the
semiconductor in the case of pu-PCD technique, which gives information about the change in
photoconductivity which is related to n; or the absorption of the optical probe beam in the case of

free-carrier pump/probe technique which is directly related to the concentration of free carriers.

In the frequency domain, the generation rate g(t) represents a harmonically varying excitation of
angular frequency w. The modulated g leads to a modulated n. In this experimental regime, the
free-carrier population and generation rate can be written in harmonic form: n=N(w)ei»t and
g(t)=G(w)ei»t, where N(w) and G(w) are the complex amplitudes of the free-carrier population

and generation rate, respectively. Substituting n and g(t) into (2.14) and rearranging:

G(w)T

N =
(@) 1+iwt

(2.16)

This is the frequency response of the free-carrier population under a harmonic excitation, which
represents a Lorentzian function for a generation rate that is independent of frequency. In a typical

frequency domain experiment, the modulation frequency is changed from low to high values and
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the complex signal N(w) is demodulated on a lock-in amplifier. So, the effective lifetime is
extracted by fitting the experimentally found N (w) curve with the magnitude of (2.16). It is often
more convenient to consider N(w) normalized to the generation rate G(w). In this case, a

generalized lifetime ¥ can be defined as:

Nw) 7

= G(w) 1+iwt

2.17)

In quasi-steady state regime, n is measured after excitation with a slowly decreasing generation
rate g(t) that ensures constant equilibrium of n with it. This regime can be considered as a special

case of Equation (2.15), where wt«1:

n =Gt (2.18)

It can be seen from equation (2.18) that under constant generation rate G, the free-carrier
population is directly proportional to t. Therefore, controlling G in an experiment and measuring
n, it is possible to extract . n, as in the previous regimes, is not measured directly, but related to

photoconductivity or free-carrier absorption [26].

As was already stated, Equation (2.14) is a simplified version of Equation (2.12), which was
derived taking into consideration several serious assumptions about the properties of a
semiconductor. However, an analytic solution to Equation (2.12) is given by Luke and Cheng [27].
Also, Boyd provided an alternative simplified solution which can be used to calculate effective
lifetime [14]. In this work, Equation (2.17) will be used when performing analyses, as it was shown

in [14] that it accurately describes the effective lifetime for various combinations of surface
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recombination and absorption coefficients.

2.4.  Light Trapping

Light trapping is a mechanism that is used to increase the optical path length of weakly absorbed
light in the medium of a semiconductor. A fraction of light that is being absorbed by a

semiconductor in a single path is described by Beer’s Law:

A =1— e*@w (2.19)
where a(4) is the absorption coefficient, and w is the light path which is equal to the thickness of
the semiconductor in the case of a single pass. It can be seen that an increase in the optical path
length leads to an increase in absorption, which means that more free carriers are generated in the
system. This is especially important for silicon solar cells. Due to the lower absorption coefficient
compared to direct bandgap semiconductors, silicon solar cells are designed to have higher
thickness to absorb enough light. Implementation of light trapping schemes allows thinning silicon
solar cells and/or increasing their efficiency. This helps to reduce the cost of cell production by
using less silicon but more importantly, it eases requirements for the quality of silicon as the

distance that generated carriers would have to travel to get collected is significantly decreased.

%_A b
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a) () OO, () VY0000

Figure 2.5. Three possible texturing approaches; the rear dielectric/metal reflector combination is optional. [28]
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There are several techniques that can be used to achieve light trapping in silicon. One of the most
common ways is to texturize either both surfaces of the wafer or just one together with the use of
a back surface reflector, as can be seen in Figure 2.5. In this work, a double-side textured wafer is
used but without a back metal reflector. Texturing reduces reflection from the surface and causes
oblique light paths so the light is trapped by total internal reflection. Only a small fraction of light
can escape from the medium after each pass, and the fraction depends on the type of surface that
was achieved during texturization. Ideal texturized surface and its maximum theoretical light path

enhancement are discussed in the next section.

24.1. Lambertian Surface and Yablonovitch Limit

The Lambertian surface reflects and scatters light according to Lambert’s cosine law. It is an ideal
surface for light trapping, as the light rays become isotropically distributed inside the wafer after
the first reflection and completely lose information about their initial direction. So, the light
direction inside the wafer is randomized. Using statistical ray optics, it was shown that the intensity
enhancement of weakly absorbed light inside an optical medium with respect to its outside is equal
to n?, where n is the refractive index of the medium [29]. It was also derived that the enhancement
factor is independent of the source of radiation — it is the same for both isotropic and non-isotropic
sources. The intensity enhancement inside the wafer can be further increased by putting a perfect
reflector on one of the sides. In this case, light enters the wafer from one of the sides and gets
totally reflected at the back side, and the enhancement factor doubles: 2722. Due to the angular
randomization of light inside the medium, the absorption enhancement is equal to 4n2. Taking
into consideration Equation (2.19), absorption enhancement can be interpreted as an enhancement

of the average light path L:
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L =uW = 4n*W (2.20)

where W is the wafer thickness and u = 4n? is the light trapping enhancement factor.

Figure 2.6. Diffuse back reflector leads to loss cone determined by critical angle for total internal reflection 6, [30].

A different approach to describe optical confinement in silicon solar cells was developed by
Goetzberger [30], in which the mean path length of weakly absorbed light was calculated by
keeping track of the length of escaping rays. It was shown that the fraction of randomized light

intensity escaping from the surface of unity transmissivity is given by:

_ fogc Bcosfsinfdf 1

f= =—
fon/z BcosOsinfdo "’

(2.21)

where 8, = sin~1(1/n), B isthe uniform internal brightness produced by the Lambertian surface,

and 6 is the angle of propagation as shown in Figure 2.6. Eventually, Campbell, in his work [31],
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came to the same result, known as the Yablonovitch limit, or the Lambertian limit — maximum
light trapping enhancement produced by Lambertian surface with a back surface reflector for
weakly absorbed light is equal to 4.2, For silicon with a refractive index of 3.5, the enhancement

factor is close to 50.

In order to derive a more general expression of enhancement limit for Lambertian surface, it is
required to take into consideration the absorption of light inside the medium. In this case, the

solution is given in terms of the function G, given by:

/2
G = f exp(—2aW / cos 6) cos 8sin6d6 (2.22)
0

c

The function G was evaluated numerically by Goetzberger [30]. Also, an analytical solution was
derived by Green [31], who used different approximations for intermediately and strongly

absorbed light.

2.4.2. Beyond the Lambertian Limit

In general, the Lambertian surface is not the only light-trapping scheme that can achieve the
Lambertian limit. It was shown that the 4.2 limit is the average path-length enhancement limit
only when averaging over all angles of incidence [32], [33]. Thus, the path length enhancement
can be larger than the Lambertian limit for a particular range of incident angles, but at the expense
of a smaller path length enhancement at other angles such that the total 4n? limit is not violated.
Geometric concentration or angle selectivity schemes can be used to achieve such behavior. In this

case, the actual limit of the average path-length enhancement is described by:
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L= 4n?w
 sin2(6;,) (2.23)

where 6;, is the acceptance angle of the angular selective filter or the angle associated with the

concentration factor [34].

Conventional approaches for light trapping enhancement can be described within principles of
geometrical optics. New approaches are shifting towards wave optics targeting a specific
wavelength range. Implementation of grating couplers on the surface of thin silicon solar cells is
one of the options to reach the light trapping enhancement numbers higher than the Lambertian
limit [35]. The main principle behind the grating coupler application in thin solar cells is to produce
significant enhancement of the Poynting vector of the electromagnetic radiation of the light inside
the cell by coupling the light in a horizontal direction [36]. However, the enhancement is strongly
dependent on the incidence angle and wavelength of the light. Absorption enhancement beyond
the Lambertian limit can also be achieved by trapping the light into guided modes using nano-
particles [37], [38], or photonic crystals [39]. One more approach is to enhance light trapping using
localized surface plasmons created by embedding metallic nanoparticles in a dielectric material
[40], [41]. Localized surface plasmons produce strong scattering of light at a particular wavelength
which depends on the shape, size, and material of nanoparticles [42], [43]. Therefore, it is relatively

easy to tune the wavelength of maximum scattering towards the desired wavelength [44].
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3. Literature Review

3.1.  Carrier Lifetime Characterization Techniques
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Figure 3.1. Principles of common optical techniques to measure carrier lifetime [24].

Different carrier lifetime measurement methods can be categorized in several ways: either

according to physical principles, according to methods used for carrier injection, according to

methods used for probing of excess carriers, or according to the operation mode. As the technique

which will be described in this work is an optical technigue, a short overview of optical methods

for lifetime characterizations will be described in this section. All optical techniques, as shown in

Figure 3.1, use light to inject free carriers into the system. What makes them different from each

other is the way the free carrier population is probed or analyzed and the operation mode. The

probing methods will be further discussed in the next chapters. As for the types of operation modes,

there are 3 main operation modes: quasi-steady-state, modulation (frequency domain), and
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dynamic (time domain). In the quasi-steady-state regime, illumination changes very slowly in time,
therefore producing a balance between the generation and the recombination of the electron-hole
pair. Thus, an excess concentration of carriers is established in the material. Knowing the
generation rate, and measuring the physical quantity connected to the excess carrier concentration,
it is possible to calculate the effective lifetime. In the modulation mode, the sample is modulated
by a harmonically modulated light source. The modulation frequency is swept from low to high
values and the physical quantity which is related to the excess carrier population is monitored. The
amplitude and the phase lag between the physical quantity and the modulated light excitation are
calculated using a lock-in amplifier. The change in the amplitude and phase with modulation
frequency represents the Lorentzian curve that can be fitted to extract the effective lifetime. The
dynamic methods are based on measuring the physical quantity after a short excitation pulse. In
the simplest case, according to Equation (2.15), the concentration of free carriers experiences an
exponential decay after the excitation pulse. By measuring the change of the physical quantity and

fitting it with an exponential function it is possible to extract the effective lifetime.

3.1.1. Microwave Photoconductivity

Microwave photoconductivity decay (u-PCD) is one of the oldest commercial methods used for
silicon lifetime characterization [4], [45]. It is based on the change of photoconductivity of a silicon
wafer after optical excitation. Due to injected population of free carriers the electrical resistance
decreases, and the conductivity increases. In this technique, the semiconductor is placed inside of
a microwave cavity and the microwaves are brought incident upon the semiconductor. A pulsed
laser with a pulse width much less than the effective lifetime of the sample increases the
photoconductivity of the sample, which causes the wafer to become more metallic and more

reflective to the microwaves. After illumination, the microwave reflectance decays back to
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equilibrium as the photoconductivity returns back to initial values. The recombination constant is

extracted by monitoring the change in reflectance with time and calculating the decay constant.

The change in reflectivity of microwave power is linearly proportional to the change in
photoconductivity only for low injection levels [4]. At higher injection levels the microwave
reflectivity becomes a highly non-linear function of photoconductivity [46]. Therefore, this
method brings some significant complications for lifetime measurement over a wide range of
injection levels. In order to perform a measurement at high injection levels, a bias lamp is used to
set a steady-state carrier concentration above the equilibrium level. The pump laser then produces
a small perturbation of excess carrier concentration. In this way, the linearity between the reflected
microwave power and the photoconductivity is conserved, and the lifetime can be calculated for

large carrier concentrations.

3.1.2. Radio Frequency Quasi-Steady State Photoconductance

One more lifetime measurement technique that uses the principle of photoconductance is the radio
frequency quasi-steady state photoconductance (RF QSSPC) [47], [48]. In this technique, the
absolute amplitude of photoconductance is measured under quasi-steady state illumination. The
excitation source is usually a flash lamp with a slowly decaying power, slower than the lifetime of
the sample. Under this operation regime, the wafer’s excess carrier population is always in
equilibrium with the excitation. Therefore, this technique allows obtaining the photoconductance
under a wide range of illumination intensities. In order to measure the photoconductance an RF
bridge is coupled inductively to the sample with a conductive coil [4]. The alternating magnetic
field in the coil induces eddy currents in the wafer, which produces loss of energy proportional to

the photoconductivity. The signal proportional to the photoconductivity is observed on a digital
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oscilloscope. However, a reference cell is required to accurately determine the time dependence
of the excess photoconductance of the sample and the illumination of the flash lamp by using

appropriate calibration functions.

Flash Lamp
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RF Storage
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Figure 3.2. Schematic diagram of the inductively-coupled photoconductance apparatus [4].

The QSSPC technique can be used to measure the effective lifetime in the range between 0.1 ps
to several milliseconds over a large range of injection levels from 10*2 to 101" cm™ [4]. Thus, this

is a great method to analyze the dependence of lifetime on injection level.

25



M.A.Sc. Thesis — R. Khabibrakhmanov; McMaster University — Engineering Physics

3.1.3. Photoluminescence

The photoluminescence (PL) method is only applicable for semiconductors experiencing radiative
recombination. Even though the radiative recombination rate is low in indirect bandgap
semiconductors, PL still can be used to extract their lifetime due to the high sensitivity of the
technique [24]. Most commonly, PL is used in the QSS regime and is therefore called QSSPL.
This method is based on simultaneous measurement of both the oscillating optical irradiation and
the corresponding photoluminescence intensity as a function of time [49]. The timescale of the
excitation modulation must be much greater than the effective lifetime of the sample. The effective
minority carrier lifetime is then extracted from the time shift between maxima of irradiation
intensity and photoluminescence intensity [50]. Even though this method has high sensitivity,

sophisticated calibration of the system is required to extract accurate effective lifetime [51].

3.1.4. Free-Carrier Absorption

Free-carrier absorption (FCA) is directly proportional to the free carrier population, therefore it
can be used as a physical quantity for lifetime measurement. In general, an experimental setup
used in this technigue consists of pump and probe light sources. An above-bandgap pump beam
injects excess carriers in the sample while a below-bandgap probe beam transmitted through the
sample is used to monitor the decay of carrier concentration, in either the time [5] or frequency
domain [6]. The characteristic decay curves — exponential for time domain and Lorentzian for
frequency domain — are fit to extract the lifetime. Typically, the pump beam radius is much larger
than the probe beam radius. This is done to achieve uniform carrier density in the area of

examination.

Frequency domain FCA is the main experimental technique used in this work. It is also called
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modulated free-carrier absorption (MFCA). The frequency domain approach was used in one of
the earliest FCA work which was the first step towards the modern MFCA technique. Huldt used
a tungsten strip lamp as the pump source, and a monochromator set to emit light with a
wavenumber of 900 cm [52]. Modulation of the pump was performed by a mechanical chopper.
He showed that the lifetime of a near-intrinsic germanium sample can be measured by sweeping
the modulation frequency of the pump and monitoring the change in the intensity of the transmitted
probe. Nilsson then demonstrated an improved version of Huldt’s technique, where the probe beam
was also modulated to improve the sensitivity of the system [53]. One of the first modern versions
of the MFCA technique was presented by Sanii et. al [54]. In their work, a He-Ne laser with 632
nm wavelength is used as the pump, and a second He-Ne laser emitting at 3.39 um is used as the
probe. The pump is modulated by an electro-optic modulator and the probe is detected with an
InAs photodiode. Most of the modern MFCA techniques share the same principles presented in
[54]. There is a great number of different versions of the MFCA technique, for example, the single

beam MFCA technique was developed in Dr. Kleiman’s lab [55].

3.2.  Reflection Mode Techniques

There are several pump/probe techniques that use reflection mode geometry to analyze the optical
properties of a semiconductor. Most of them measure the modulation of the reflection coefficient
induced by the modulated pump beam. There is a discrepancy in the naming of these techniques
in literature. In general, all of them can be called as photomodulated reflectance (PR or PMR) [56].
But the change in reflectance can be caused by different physical phenomena. Thus, PR techniques

are distinguished by some authors depending on the dominant physical effect. Techniques, where
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the change in reflectance is caused by thermal effects (temperature modulation of the sample due
to absorption of the pump beam), are called the photomodulated thermoreflectance (PTR) [10].
Another contribution to the reflectance modulation arises from a free carrier Drude effect on the
optical refractive index [10]. There is also the photoreflectance effect, which can be monitored
when the optically induced modulation of the surface built-in electric field causes reflectance
modulation via the Franz-Keldysh mechanism [56]. One more technique that measures the change

in the refractive index of a semiconductor is photocarrier radiometry [11].

Usage of reflection geometry for MFCA measurements does not provide specific benefits other
than an additional degree of freedom for the experimental setup. It does not measure the change in
refractive index and only concentrates on FCA. Reflection mode geometry can be useful in specific

scenarios, for example when testing the quality of silicon samples on a production line.

The reflection mode MFCA was previously mentioned in Petursson’s work [57], but it does not
provide the analysis of light propagation inside a silicon sample and how it can affect the

experimental results.

3.3. Measurement of Light Trapping Enhancement

Texturization of the silicon solar cell surface significantly improves its performance. Therefore,
the quality of the texturized surface should be monitored to control the quality of texturization. In
addition, information about the surface quality allows comparing different texturization
approaches and different solar cells with each other. Some common techniques used to monitor
the quality of the surface are angle-resolved optical reflectance [58] and scanning electron

microscopy [59]. However, these techniques do not provide full information about the light
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trapping properties of examined wafers. SEM only gives a visual picture of the surface, and
reflectance techniques include assessment of reflection quality of the surface and parasitic
absorption, making it difficult to distinguish light trapping properties of the system. Moreover, the
abovementioned techniques do not allow scientists to quantitatively compare various light trapping
structures with each other. In this chapter, | present a short review of different approaches used for

assessing light trapping enhancement and several experimental techniques that are based on them.

3.3.1. Light Trapping Metrics

There are several approaches to quantify a solar cell’s light trapping. Each has pluses and minuses.
One of the most popular ways is to assess the quality of light trapping by its effect on carrier
generation as a function of wavelength, in other words by absorption spectrum [60]. Comparison
of band-to-band absorption between textured and polished solar cells provides direct information
about the light trapping quality of the textured cell. However, this method has several major
drawbacks. Absorption spectra of different cells have to be compared graphically since they do
not provide quantitative assessment of the surface quality. Moreover, absorption strongly depends
on the thickness of a cell, therefore it is impossible to compare different types of cells between
each other. Lastly, various sources of parasitic absorption could negatively affect the assessment
of light trapping quality of solar cells. The absorption spectrum can be determined by various

experimental techniques, ray tracing, or theoretical calculations.

Another simple metric to define the quality of light trapping is the increase in the current it induces
[60]. A short circuit current generated in a textured cell is compared to the short circuit current
generated by a similar cell but without light trapping structure. The generated current can be

measured experimentally measuring actual 1-V characteristics of the solar cell, or it can be
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determined by measuring the absorption spectrum of the cell and converting it into the generated
short circuit current. The advantages of these metrics are that it is represented by a single value
instead of a graphical spectrum, and the value is directly related to cell performance. The drawback
of this method is that cells with different thicknesses can not be compared with each other. A
different metric that also relies on the measurement of the short circuit is the Light Trapping
Efficiency (LTE) calculation [61]. This method compares the total current gain achieved by the
real examined structure to the theoretical maximum current gain of the ideal Lambertian scatterer.
This metric can be used to compare cells with different thicknesses. Figure 3.3 presents a
comparison of the LTE of different Si structures from literature. It is important to notice that

experimental results show significantly lower LTE numbers compared to numerical studies.
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Figure 3.3. The calculated light trapping efficiency (LTE) of various Si structures in literature [61].

Effective light pathlength enhancement (Z) is one more metric used to assess the light trapping
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quality of the cell. It gives information about the average length of the optical path of the light rays
inside the textured wafer [60]. In other words, it describes the solar cell’s optical thickness relative
to its actual thickness. The effective pathlength is usually calculated from the absorption spectrum
[62]. Similar to the short circuit metrics this method gives a single value of Z. But Z depends on
the wavelength of the incident light, which means that comparisons between cells must be graphed.
It can be useful to measure Z for low-absorption limit, where Z is independent of cell thickness

and incident wavelength.

3.3.2. Experimental and Theoretical Techniques

Theoretical and experimental techniques measure particular physical quantities which are then
used to assess the light trapping enhancement factor with one or another metric mentioned in the
previous section. They are divided into four groups based on the physical quantity they measure:
measurement of generation current, absorption, estimation of light path enhancement, and
simulations. A short description of some of these experimental and theoretical techniques is given

below.

Direct measurement of the generation current of the solar cell under illumination is the most
straightforward way to assess the quality of light trapping surface [60]. However, this technique
requires the assembly of a full solar cell and cannot be used to control the surface quality during

the texturization process when the solar cell is not assembled.

As several metrics rely on the measurement of the absorption spectrum, there are several
techniques to measure it. One of the most popular techniques is to measure the reflectance
spectrum of a cell or a wafer, placed in an integrating sphere with a perfect back reflector, using a

spectrophotometer [29], [62]. The reflection spectrum is then converted to the absorption spectrum
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and used in one of the metrics. This technique has several drawbacks. First, it does not provide
information about the origin of absorption. Increased absorption could be monitored due to an
actual increase in the optical path length or due to lower reflectance of the surface. The second
problem is connected to the first one — for incident light with wavelengths above 1000 nm parasitic
effects, like FCA, start to play a significant role. As a result, the absorption spectrum may
overestimate the light trapping enhancement which is connected only to band-to-band absorption.
To overcome this problem, the spectral luminescence technique can be used in combination with
reflectance measurements [63]. This technique measures the photoluminescence spectrum of a
silicon cell for wavelengths that could cause considerable FCA. Spectral photoluminescence
intensity is proportional to band-to-band absorptivity and independent from FCA. One of the major
issues of the photoluminescence technique is relatively low intensity of silicon photoluminescence.
Therefore, it requires a highly sensitive liquid nitrogen cooled detector. Also, it is problematic to
use this technique in a production line for monitoring the quality of a texturized surface in situ, as

it requires the usage of an integrating sphere to collect all emitted light.

One of the rarely used techniques is Raman spectroscopy. It relies on the fact that the number of
generated Raman photons in a thin film solar cell is directly proportional to the optical thickness
of the cell [64]. Therefore, relative changes of the Raman signal can be used to compare the light

trapping capability of different cells.

Theoretical estimation of light trapping enhancement is a wide field of research that includes
various methods. Most of them can be divided into two parts: based on analytical solutions and
based on ray tracing simulations. One of the first analytical calculations of light trapping properties
of different types of textures was presented by Campbell [31]. He calculated the percentage of

incident rays remaining trapped as a function of the number of passes made through substrates
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with structured top and rear surfaces. This is also an example of an unusual metric not mentioned
in the previous section. The ray tracing simulations can estimate the average path length of
propagated rays and the absorption spectrum of a textured structure. One of the latest remarkable
works was published by Manzoor et. al [34]. They use different techniques such as atomic force
microscopy and angle resolved reflectance to create a map of the textured silicon surface. There
are different types of textures like inverted pyramids and random pyramids. Analyzing the angular
distribution function of rays propagating inside silicon samples, they estimated the total pathlength
enhancement limits of different surface structures and compared them with an ideal Lambertian

scatterer.

In this work, 1 will present a new technique based on pump/probe MFCA. This technique has not

been shown in literature before.
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4. Experimental

4.1. Overview

The experimental setup in this work represents a generic pump/probe configuration for performing
lifetime measurements. A laser with 1064 nm wavelength is used as a pump beam as its energy is
higher than the silicon bandgap and can be used to generate free carriers, but at the same time, its
energy is low enough to provide relatively homogeneous axial illumination throughout the probing
volume. The probe beam has to be weakly absorbed by silicon, therefore a 1550 nm laser is chosen
as its energy is below the bandgap of silicon. The probe beam is mostly absorbed by intraband free
carrier absorption. The experimental setup can be divided into three separate parts: pump, probe,
and measurement branches. Pump and probe branches are almost identical to the ones used by
Boyd in his dissertation [14], and they are described in this section. The measurement branch is
modified and is different for experiments with different types of samples. It will be discussed in

the next section.

Figure 4.1 shows the pump branch of the experimental apparatus, with a red line denoting the path
of the laser. It consists of the pump laser source, modulation components, and components that
control the power and the size of the beam. A Laser Quantum Opus laser is used for the pump. It
emits horizontally polarized light and can produce up to 10 W of optical power. In the experiments,
the laser’s operating power is set to 2 W. The pump beam is modulated by a custom Conoptics
electro-optic modulator (EOM) which is driven by a Conoptics Model 25 A Driver, capable of
introducing an analog signal onto the laser beam at frequencies ranging from DC to 25 MHz. A

Zurich multi-frequency lock-in (MLFI) amplifier is used to supply a sinusoidal drive signal to the
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modulator. After passing through the EOM, the laser beam passes through a half-
waveplate/polarizer pair, which is used to control the laser power. The polarizer is mounted to the
motorized rotational stage which is connected to a computer and controlled remotely. After
emerging from the waveplate/polarizer pair, the laser beam is guided through a Standa beam

expander. After that, the laser is guided to the sample.

H

b : EIectro-Optic ="
g Modulator S

Figure 4.1. Annotated photograph of the pump branch of the experimental setup [14].
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Figure 4.2. Annotated photograph of the probe branch of the experimental setup [14].

Figure 4.2 shows the probe branch of the experimental apparatus, with a green line denoting the
path of the probe laser. The probe laser is a Thorlabs FPL1009S fiber optics laser emitting at 1550
nm. The laser is driven by an LDC205C current source set to 250 mA, providing about 55 mW of
optical power. A fiber coupler collimates the probe beam upon exiting the fiber. A half-
waveplate/polarizer pair is used to control the power of the probe beam. After emerging from the
waveplate/polarizer pair, the probe beam is guided through an additional half-waveplate mounted
to the motorized rotational stage. The purpose of this component is to control the polarization of
the probe beam, as it will be needed to investigate the impact of polarization on the FCA signal.
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4.2.  Experimental procedure
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Figure 4.3. Approximate block diagram of the experimental setup.

In this work, two types of measurements are done: measurement of the effective lifetime in
polished samples and in textured samples. Both types of measurements use similar experimental
methodology. The main practical difference is in the way the probe beam is collected. Figure 4.3
presents a general scheme of the experiment which is valid for measurements with both polished
and textured samples neglecting some minor details. The pump and probe beams illuminate the
sample on the same side. In the experiment with a polished sample, the angle of incidence is
approximately 20 and 45 degrees from normal for the pump and probe beams, respectively. The

power of the pump beam is set to 750 mW.
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Figure 4.4. Block scheme representing the experimental setup used for collecting the reflected and transmitted diffused
probe beam.

In the experiment with a textured sample, the angles of incidence of the probe and pump beam are
30 and 37 degrees from normal, respectively. Figure 4.4 presents an approximate scheme of the
setup designed to conduct experiments with the textured sample. The reflected and transmitted
parts of the probe beam become diffuse after interaction with a textured sample. Therefore, a set
of pairs of lenses is used to collect the maximal amount of light and focus on the detectors. Due to
the specifics of the optical setup on the test bench, the set of lenses used to collect reflected light
is placed 7 cm away from the sample, while the set used for transmitted light is placed only 5 cm

away. This introduces a difference in the amplitude of the detected signal as more transmitted light
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is collected than reflected light. The difference is compensated mathematically in the analysis

procedure and will be discussed in the next chapters.

In order to ensure that the probe beam is measuring the lifetime in a uniformly injected region, the
pump beam is expanded to a diameter of 3 mm, and the probe beam is focused to a diameter of 50
pm. After reaching the surface of the sample, the probe beam separates into reflected and
transmitted parts. The transmitted beam is also collected in order to validate the results of the
experiment in the reflection mode. Both transmitted and reflected probe beams are focused into
two separate New Focus Model 2033 Germanium photodetectors set to 2000 x gain, which have
a bandwidth of 200 kHz at this gain. In the experiment with a textured sample, the diffuse reflected
and transmitted radiation is collected and focused into photodetectors using a set of lenses with a
wide diameter. The AC and DC components of the detector signals are measured in the Zurich
MFLI. The power of the incident, transmitted, and reflected pump beams is measured using Gentec
calibrated power meters in order to determine the absorption and reflection coefficients of the
sample. The modulation frequency is changed from 100 Hz to 100 kHz, in 50 logarithmically

spaced steps, and the amplitude and phase of the FCA signal are measured at each step.

The experimental setup is almost fully automated. It is controlled through an Application
Programming Interface (API) developed by Boyd and customized and improved for particular

experiments by me. The API is written in the Python programming language.
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4.3.

4.3.1.

Sample Specifications and Characterization

Sample Specifications

Table 1. Specifications of silicon wafers used in this study.

Wafer ID Thickness | Resistivity | Doping Surface Surface Growth
(Lm) (Q cm) Density (cm3) | Coating Type Type
Thick 1470 £ 2 1-5 451x10" | Native Oxide | DoUdleside | 7
polished
Thermal .
EI‘ 325 + 2 1 _ 10 3.2)(1015 OXide DOl:IbIe'Slde FZ
Cat 2 9 (100nm) polished
Undoped | 575+2 3000 15x102 | Native Oxide | DoUbleside | g7
polished
El- 15 . . Double-side
Cat 15 1 325+2 1-10 3.2x10 Native Oxide oolished FZ
El- 15 : . Double-side
Cat_15_2 325+2 1-10 3.2x10 Native Oxide textured FZ

Table 1 shows the specifications of all the silicon wafers used in this work. The Thick wafer is

Czochralski (CZ) grown while the other wafers are all Float Zone (FZ) grown. One of the wafers,

El-Cat_15 2, is double-side textured and was used in the study of light trapping enhancement. The

other wafers are all double-side polished. All of the doped wafers are n-type phosphorus doped.
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4.3.2. Texturization and Characterization

In this section, | will describe the texturization procedure and analysis of the achieved surface.
Prior to texturization, the sample was cleaned by dipping into a piranha solution (1 part H>O>, 4
parts H2SO4) for 5 minutes and then deionized (DI) water rinsed for another 5 minutes. After that,
the sample was dipped into an HF solution (1 part HF, 10 parts DI water) for 5 minutes and then
rinsed in DI water for 5 minutes. After cleaning, the sample was textured by anisotropic etching
in a weak solution of KOH with isopropyl alcohol (1g KOH, 5 ml isopropyl alcohol, 125 ml DI
water) at 70 °C for 10 minutes. The solution was constantly stirred during the etching procedure.
This etching recipe was chosen because it showed good experimental results in literature creating

a surface with uniform distribution of random pyramids [12].

20 um

High=vac. SEIl PC-std, " 5 kV x-1000 1/24/2024 000039

Figure 4.5. SEM image of the textured sample (x1000 magnification).
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Siim
High-vac. « SEI PC-std. 5 kV X'4000 1/24/2021 00003¥

Figure 4.6. SEM image of the textured sample (x4000 magnification).

Figure 4.3 and Figure 4.5 present scanning electron microscopy (SEM) images of the textured
sample with different magnification rates. It can be seen that the achieved surface consists of
randomly distributed pyramids with sizes of individual pyramids varying from less than 1 um to

4-5 pm.
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5. Lifetime Measurement in Reflection and

Transmission Modes

5.1. Overview

In this chapter, | present the results of the MFCA experiment in the reflection and transmission
modes. A theoretical model is developed to analyze and explain the behavior of light experiencing
multiple reflections inside the sample. Experimental verification of the model is also provided in
the next sections. Additional considerations that must be taken into account in these experiments

are discussed in the last section of this chapter.

5.2. Experimental Results

The experimental procedure is nearly identical for double-side polished and double-side textured
samples. The only difference is in the way the signal is acquired from the textured sample. The
textured sample makes the reflected and transmitted parts of the initial light diffuse in a nearly
Lambertian way. Therefore, diffuse light from the textured surface must be collected with the help
of the system of lenses. This introduces a difference in the way the final results are analyzed for
polished and textured samples. Thus, in the next section, the experimental results are given

separately for these two types of examined samples.

In the experiment, a harmonically modulated pump beam at an angular frequency w generates a

time-dependent concentration of excess carriers in the sample with the density:

An = Angy + Ang e'@t (5.1)
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where An, is the mean excess carrier density induced by the pump laser and An, is the magnitude
of the AC amplitude of the excess carrier density. The change in the modulated excess carrier
density is observed versus modulation frequency. The effective recombination lifetime can be
calculated by fitting the real or imaginary part of the FCA signal with the corresponding part of

Equation (2.17).

The various bulk and surface mechanisms that affect the lifetime, as well as methods to increase
it such as surface passivation, do not significantly impact the measurement of lifetime values and
are not considered further in this work. Equation (2.17) presumes a laterally uniform carrier
distribution, which is ensured by experimentally imposing the requirement that the pump beam is
much larger in diameter than the probe beam. Strict axial uniformity of the carrier distribution is
not required since Equation (2.17) results from an axial average [65]. Nevertheless, a weakly

absorbing pump wavelength is chosen, with 2 = 1064 nm, to mitigate such non-uniformity.

5.2.1. Polished Sample
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Figure 5.1. Real (left) and imaginary (right) parts of the AC MFCA signal of the transmitted and reflected probe beams
versus modulation frequency for the Thick wafer. The symbols are the experimental data points, and the continuous
lines are the best fit for the real and imaginary parts of Equation (2.17).
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Figure 5.1 presents experimental results of the effective lifetime measurement of the Thick silicon
wafer. The effective lifetimes extracted from fits of the real part of the AC MFCA signal are:
(125.9 £ 0.7) us for transmitted probe beam, and (124.6 + 0.8) ps for reflected beam. The effective
lifetimes extracted from fits of the imaginary part of the AC MFCA signal are: (122.1 = 0.5) us
for transmitted probe beam, and (121.1 £ 0.5) s for reflected beam. It can be seen that the Thick
sample shows relatively high lifetimes, and the experimental results are very similar for different

operational modes.

- transmitted 3.5 S = transmitted
- reflected

—— reflected

1074

AC signal (V)
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Figure 5.2. Real (left) and imaginary (right) parts of the AC MFCA signal of the transmitted and reflected probe beams
versus modulation frequency for the Undoped sample. The symbols are the experimental data points, and the
continuous lines are the best fit to the real and imaginary parts of Equation (2.17).
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Figure 5.3. Real (left) and imaginary (right) parts of the AC MFCA signal of the transmitted and reflected probe beams
versus modulation frequency for the El-Cat_2_9 sample. The symbols are the experimental data points, and the
continuous lines are the best fit for the real and imaginary parts of Equation (2.17).

Figure 5.2 presents experimental results of the effective lifetime measurement of the Undoped
silicon wafer. The effective lifetimes extracted from fits of the real part of the AC MFCA signal
are: (50.4 + 0.5) us for transmitted probe beam, and (52.6 = 0.5) us for reflected beam. The
effective lifetimes extracted from fits of the imaginary part of the AC MFCA signal are: (50.9 £
0.4) us for transmitted probe beam, and (53.6 £ 0.4) ps for reflected beam. The results from the

transmitted mode and reflected experimental modes are also very similar.

Experimental results of the effective lifetime measurement of the EI-Cat_2_ 9 silicon wafer are
shown in Figure 5.3. The effective lifetimes extracted from fits of the real part of the AC MFCA
signal are: (54.8 £ 0.5) ps for transmitted probe beam, and (55.4 £ 0.5) us for reflected beam. The
effective lifetimes extracted from fits of the imaginary part of the AC MFCA signal are: (54.2 +
0.3) s for transmitted probe beam, and (54.4 = 0.3) us for reflected beam. Both reflection and
transmission mode techniques give similar values of the effective recombination lifetime of the
El-Cat_2 9 sample.

Presented results allow me to make a conclusion that the measurement mode does not affect the
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effective lifetime calculation. Even though for all examined samples the amplitude of the real
signal in transmission mode is higher than the amplitude of the real reflected signal, the effective
lifetime calculation depends only on the shape of the Lorentzian curve. A simple explanation of
the difference in the amplitudes of reflected and transmitted signals is that in general more light is
transmitted through the sample compared to the amount of light reflected from the back surface of
the wafer. However, a more detailed analysis of multiple reflections of the probe beam inside the
sample is given in the following section. This analysis gives a deeper explanation of the

phenomenon seen in the experimental results.
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5.2.2. Textured Sample
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Figure 5.4. Real part of the raw AC MFCA signal of the transmitted and reflected prove beams versus modulation
frequency for the EI-Cat_15_ 2 textured sample. The symbols are the experimental data points, and the continuous

lines are the best fit for the real and imaginary parts of Equation (2.17).
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Figure 5.5. Real part of the calibrated AC MFCA signal of the transmitted and reflected probe beams versus modulation
frequency for the El-Cat_15_2 textured sample. The symbols are the experimental data points, and the continuous

lines are the best fit for the real and imaginary parts of Equation (2.17).
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Figure 5.4 illustrates raw experimental results of the effective lifetime measurement of the El-
Cat_15 2 textured sample. The effective lifetimes extracted from fits of the real part of the AC
MFCA signal are: (11.7 + 0.1) ps for transmitted probe beam, and (12.0 £ 0.4) us for reflected
beam. The amplitude of the reflected signal is significantly lower compared to the transmitted
signal. This is due to the specifics of the experimental setup explained in 4.2. Assuming that the
light reflected and transmitted from the surface of the textured sample has cosine distribution as in
the case of the Lambertian surface, it is possible to calculate what would the amplitude of the
reflected signal be if the system of lenses collected the same amount of light as the system
collecting the transmitted part of the light. After completing this procedure, the amplitudes of the
signals extracted from transmitted and reflected probe beams become nearly equal to each other
as shown in Figure 5.5. This fact corresponds with the behavior of the Lambertian surface.
Textured surfaces of the sample cause complete randomization of light propagation inside the
medium. Therefore, half of the light that initially entered the wafer is escaped from the reflection
side and the other half from the transmission side of the experimental setup. Exactly this behavior
is seen in Figure 5.5, as the MFCA signal only represents the light that entered the wafer and was
absorbed by free carriers. A more detailed analysis of the light entering the double-side textured

sample and escaping from it will be given in the next section.

5.3.  Analysis of Light Propagation

5.3.1. Double-side Polished Sample

When the light strikes a semiconductor interface, a fraction of the incident power is reflected while

the rest is transmitted. In the case of a semiconductor with a weak absorption coefficient, the
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entering light will undergo multiple internal reflections, partially transmitting out of the
semiconductor each time it reaches an interface. The total light that emerges from the front surface
is the reflected light and it is analyzed in the reflection geometry experiment, while the total light
that emerges from the back surface is the transmitted light which is analyzed in the transmission
geometry experiment. | have developed a model that determines the total power of the light
emerging from the front and back surfaces of the sample. In the experiment, the small diameter of
the probe beam with respect to the sample thickness in combination with the angle of incidence of
the probe beam provide a relatively large separation of each subsequent internally reflected beam
which leads to negligibly small overlap of these beams. Therefore, the derivation of the model
includes only multiple reflections and excludes interference effects, which require significant and
coherent beam overlap. The amplitudes of the modulated terms of the total reflected and

transmitted powers are given by (see Appendix A):

2R
Prac = Po mUWUFCA Any (5.2)

(1+R?

Pt,AC = PO mnWO—FCA An1 (53)

where P, is the incident power of the laser, R is the reflection coefficient of the sample, oz¢, is
the FCA cross-section, 7 is a factor describing the increase in pathlength through the wafer due to
non-normal angle of propagation, and W is the wafer thickness. The amplitudes in (5.2) and (5.3)
are measured in the experiment and determined from the low frequency response of the data
presented in Figure 5.2. The ratio, R, of the reflected and transmitted amplitudes of the modulated

terms depends only on the reflectance properties of the sample. In the case of mixed polarization
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of the incident light, the ratio is given by (see Appendix B):

R = =
Pt,AC

(5.4)

Prac RZ(1+ Rp)*sin? 0 + RE(1 + Rs)* cos? 6
(1+ R2)2(1 + Rp)*sin?0 + (1 + R3)?(1 + Rs)*cos?6

where Rg and Rp are the reflectance for the s and p polarized light respectively, and 8 is the angle
of polarization, with 0° being fully p-polarized and 90° being fully s-polarized. In the situation
when there is only s-polarized (R = Rs) or p-polarized (R = Rp) light, Equation (5.4) reduces to

a simple form:

2R
1+ R?

(5.5)

The derived ratio in Equation (5.4) explains the difference between the curves shown in Figure 5.1
- Figure 5.3. The amplitude of the transmitted signal will always be higher than the amplitude of
the reflected signal. Experimentally, the ratio in Equation (5.4) can be determined directly by
measuring the amplitudes of the modulated terms of the total transmitted (Equation (5.2)) and
reflected (Equation (5.3)) powers of the probe beam and dividing (Equation (5.2)) by (Equation
(5.3)). Using the angle of incidence and the known refractive index of the sample, we can calculate
the reflectances Rg and R using the Fresnel equations to obtain values expected by theory. The
results obtained for experimental and theoretical values of the ratio in Equation (5.5) for the

Undoped silicon sample are presented in Figure 5.6.

In Figure 5.6, the experimental data points are in good agreement with the theoretical calculations

for the full range of polarization angles. Changing the polarization of the probe beam from p to s
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polarized allows us to vary the effective reflectance of the sample. Thus, the ratio from Equation
(5.4) was examined for a range of different effective reflection coefficients while avoiding
changes in the angle of incidence of the probe beam that could introduce undesired disturbance

into the experimental procedure.
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Figure 5.6. Ratio of the reflected and transmitted power of the probe beam versus the degree of polarization of the
probe beam for the Undoped silicon sample.

A deeper analysis of Equation (5.4) provides information about the simple light trapping
phenomenon which occurs within the double-side polished wafer. For the DC component of the
incident probe beam, when R approaches 1, the transmission coefficient T approaches 0. However,
in the same limit, the ratio from Equation (5.4) of the AC components of the reflected and

transmitted beams approaches 1, meaning that their powers become equal, indicating that the light
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inside the wafer loses information about the history of its path after multiple reflections. Indeed,
when R approaches 1, most of the light is reflected from the surface but a small amount of light
(1 — R) would still be able to enter the wafer. Because of the high reflection coefficient of the
interfaces, the light that enters the wafer undergoes multiple reflections with high confinement.
This situation is similar to the light trapping phenomenon in a double-side textured silicon wafer
where total internal reflection confines to a high degree the light propagation randomized by the
textured surfaces. Thus, the presented mathematical model can be expanded/transformed to the
case of textured surfaces to analyze the light trapping efficiency of silicon wafers, which will be

discussed in the next section.

It could also be useful to analyze the amplitude of the modulated part of the total absorbed power,

which is equal to the sum of Equation (5.2) and Equation (5.3):

2R (1+R?
Pgac = +
' (1+R)? (1+R)?

Po nWorcy Any (5.6)

which is simplified to:

Pg,ac = Po MW 0pca Any (5.7)

The amplitude of the modulated term of the total absorbed power is independent of the reflection

coefficient of the silicon wafer.
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5.3.2. Double-side Textured Sample

| have developed a model, similar to the one used for double-side polished samples, that determines
the total power of the light emerging from the front and back surfaces of the textured sample. The
model includes multiple reflections from the surface, where the light path of randomized rays is
approximated by the average path of the rays scattered by the ideal Lambertian surface. The full
derivation of the model is described in Appendix C. According to the model, the amplitudes of the

modulated terms of the total reflected and transmitted powers are given by:

1+(1—-f")?

Poac = Po(1 = Rygy)? ’Ei _+(§ — f{)z))z) WZ0pcalin, (58)
2f(1—f'

Prac = Po(1 = Reex) 15 2 ((1 — ]{,))2)2 WZ0pcaliny (5:9)

where P, is the incident power of the laser; oz, is the FCA cross-section; f is the fraction of light
escaping through the textured surface which is equal to 1/n? and f’ = f(1 — Riey), Where n is the
refractive index of the sample; W is the wafer thickness; and Z is the average pathlength of
randomized light rays in a single pass. The amplitudes of Equations (5.8) and (5.9) are measured
experimentally and presented in Figure 5.5. Even though, in the experiment the reflected and
transmitted diffuse probe beams are captured only partially by the sets of lenses, the symmetrical
position of the lenses and an assumption that the textured surface is close to Lambertian allows to
compare the amplitudes of acquired signals with each other. The ratio, R, of the reflected and
transmitted amplitudes of the modulated terms can be found by dividing Equation (5.9) by

Equation (5.8):
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:R:PT,AC: 2(1_f)
Peac 1+(1-—f)?

(5.10)

For a silicon sample with refractive index n = 3.48 at 1550 nm, the ratio converges to 1. The
ratio calculated from the experimental data is equal to 0.98 + 0.02. This result shows that the
derived model, even with considerable simplifications, is in good agreement with the experimental
measurements, meaning that the properties of the surface of the textured sample are close to the

properties of the Lambertian surface.

5.4.  Additional Considerations

54.1. Interference effect
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Figure 5.7. Overlap percentage of the light beam inside a 575 pum thick double-side polished silicon wafer versus
incident angle of incoming beam for different diameters of the incident beam profile.
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Multiple reflections of light inside a double-side polished silicon sample can lead to undesired
interference effects which could negatively affect the results of effective lifetime measurements.
Figure 5.7 shows the beam overlap percentage inside a 575 pum thick silicon sample for different
incident angles of the beam and different diameters of the beam profile. The beam overlap
percentage is calculated by analyzing the volume that the beam occupies during the initial pass
and during the first reflection. The overlap percentage is then derived by calculating the ratio of
the volumetric overlap of the abovementioned beam profiles to their total volume. An appropriate
angle of incidence and beam diameter must be chosen to ensure a relatively small overlap of beams
inside a sample. Appendix D provides a more detailed analysis of interference occurring in a
double-side polished sample and shows, using FDTD simulation, that experimental conditions that
ensure small beam overlap can help to avoid interference. Also, FDTD simulations show that
surface roughness in the range of 200 nm or greater could lead to averaging of interference effect.
Thus, the surfaces of the polished wafer must be smooth and perfectly parallel to each other to

observe the interference effect.

54.2. Modulated Thermoreflectance

A modulated pump beam that hits a silicon sample causes modulation of the refractive index of
the sample due to oscillating concentration of free carriers. This leads to modulation of reflectance
(or modulated thermoreflectance) which can be present in the measured MFCA signal and
negatively affect the effective lifetime measurements. Appendix A contains a detailed estimation
of the change in refractive index relative to change in absorption coefficient. The ratio is equal to
0.012 for a 575 pm thick silicon sample. Therefore, the effects of free carrier photoreflectance can

be safely neglected compared to free carrier photoabsorbance. However, for thin samples, thinner
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than 21 um, the opposite situation would occur and the thermoreflectance effects have to be

considered.

5.5. Summary

In this chapter, | present a new approach for FCA measurement of silicon wafers in reflection
mode that broadens a range of scenarios when the MFCA technique can be applied. In 5.2, 1
provide an experimental demonstration of the reflection mode MFCA technique applied to
measure effective lifetimes of various polished and textured silicon samples. The results are
compared with the transmission mode technique. In 5.3, | derive a theoretical model that describes
the light propagation in polished and textured silicon samples and explains the difference in FCA
signals acquired in reflection and transmission modes. In 5.4, | discuss some potential issues that
may occur when using the MFCA technique and how to avoid them. Based on the results of this
chapter, | have demonstrated a new experimental approach to conduct MFCA measurements that
have not been published in scientific journals. This approach makes MFCA method more flexible
in the choice of the geometry of the experimental setup and potentially more convenient to use an

industrial production line.
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6. Light Trapping Enhancement
Calculation Using Free Carrier

Absorption

6.1. Overview

In this chapter, | present a new experimental approach for measuring light trapping enhancement
in a textured silicon wafer using the MFCA technique. It is known that the MFCA technique can
provide information about various physical parameters of the polished silicon sample. In the
previous chapter, it was shown that the MFCA technique can be used to measure the effective
lifetime of a textured silicon sample, and a more detailed analysis of the MFCA signal can provide
information about light propagation inside the sample. As the light stays longer in the textured
silicon sample, more of it gets absorbed by free carriers, hence the FCA signal increases, and the
enhancement of the light path compared to the sample thickness can be calculated. As a result, this
technique can be applied to characterize the texturization quality of the surface comparing it to the
Lambertian surface, and simultaneously measure the effective lifetime. A textured silicon wafer
with thickness W can be represented by a sample with no light trapping but with the thickness of
uW, where p is the light path enhancement factor. Detailed theoretical derivation of this technique

is given in the following section.
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6.2. Theoretical Description of the Light Trapping

Enhancement Measurement Technique

To derive the formula of the light path enhancement in a double side textured wafer, a normalized
FCA signal acquired from a double-side polished silicon wafer must be analyzed first. From
Appendix A, the DC and AC parts of the FCA signal received from the reflection mode

measurements are given by:

2
PPy =RPy 1+ S P, 2R (6.1)
r.DC 1—R? 1+R '
DSP 2R
Prac = Po WHWGFCAmAnO (6.2)

where m is the modulation depth defined as 4n, = mA4n,. Thus, the normalized FCA signal from

the reflection mode geometry is given by:

S _ Prl?jg _ nWogcamdn, 6.3
DSPr — Pngg 1 +R ( . )

Using the same approach, the DC and AC parts of the FCA signal received from the transmission

mode measurements of a double-side polished wafer are given by:

pDS? _ P,T?  Py(1-R)

tbC "1 _R2~ (1+R) (6.4)
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(1+ R?)
ngg = PO (1 n R)Z r]WO-FCA mATlO (65)
And the normalized FCA signal from the transmission mode measurements is given by:
PRt (1+R?
Spsp,t = Ptbsp = (1—R?) nWogcamdn, (6.6)

t,DC

From Appendix C, the AC amplitudes of the FCA signal for a double-side textured silicon wafer

for the transmission and reflection modes are equal and can be written as:

_ (1 B Rtex) (6.7)

Piac = Prac = f Py Waogcamdn,

The DC signals of the probe beam transmitted and reflected from a double-side textured silicon

wafer are also equal:

1—R 2
Pipc = %Po (6.8)
This leads to the normalized FCA signal for a double-side textured wafer:
P P
_ TtAC — r,AC — 24’L2W0FCA mAno (69)

Stex =
Pt,DC Pr,DC

Equation (6.9) represents the ideal scenario where the surface of a textured silicon wafer is the

perfect Lambertian surface, so the FCA signal of a textured sample is 2722 higher compared to a
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polished sample. This result is in ideal agreement with other theoretical models presented in the

literature. In a real experiment, the normalized FCA signal for a textured sample can be written as:

Stex = HWo0Opcy mAn, (6.10)

where u is the light path enhancement factor, which defines the quality of the texture and can be
compared to the ideal Lambertian enhancement factor. u can be understood as the absorption
enhancement factor due to the increase of the average light path of the rays traveling inside a

textured wafer.

In the quasi-steady state limit 4n,, as shown in Equation (2.18), is equal to Gt. The effective

lifetime is known from fitting the Lorentzian curve, and the generation rate G is given by:

_ ZfaPO,pu)\pu

WA, hc (6.11)

where P, ,,,, and A,,,, are the incident power and wavelength of the pump beam, respectively. A4, is
the area of the incident pump beam. W A,, represents the volume the carriers occupy inside the

sample. The diffusion factor is intentionally not included in the equation as the radius of the beam
in the experiment is much larger than the diffusion length. However, for a double-side textured
sample, randomized diffusion of light rays inside the sample must be considered to properly
estimate the volume that free-carriers occupy. f, is the fraction of pump power absorbed in the

wafer, which can be measured directly in the experiment or calculated theoretically.

Substituting Equation (6.11) into An, = Gt, the mean excess carrier density is given by:
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_ 2faPO,pu)\pu

An, = WA, he (6.12)

Substituting this equation into Equation (6.10), the relationship between the reduced signal and

the recombination lifetime is derived:

sza PO,pu/lpu

Stex = THGFCAT (6.13)

Similarly, the relationship between the reduced signal and the recombination lifetime can be

derived for a double-side polished sample. The relationship for a transmission mode signal is given

by:

_(+ R?) 2mfy Py pupu
Spspt = (1—R?) A, hc NOFcaT

(6.14)

The ratio between the reduced signal of the textured sample and the polished sample is described

by:

Stex — E Ttex ftex ADSP (1 - RgSP)
Spspe 1 Tpsp fosp Atex (1 + R3sp)

(6.15)

Here all values with the tex subscript are related to the textured sample, and values with the DSP
subscript are related to the polished sample. Equation (6.15) is valid for the case when the incident
power of the pump beam is the same for both textured and polished samples. By rearranging

Equation (6.15) we can derive a formula that determines the light trapping enhancement factor:
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W _ Stex Tpsp fosp Atex (1 + Rpgp) (6.16)
N Ttex Spspt ftex Apsp (1 — RSSP) '

2
The right part of Equation (6.16), L252 Ztex (1+R§’5”), represents a constant value defined by the
ftex ADsp (1_RDSP)

tex DSP

experimental setup. The left part,
Ttex SDSP, ¢

, Is measured experimentally separately for polished

and textured samples and gives a constant value. Multiplication of the two constant values gives

the ratio % where 7 is close to 1. Thus, the light trapping enhancement factor u can be found.

6.3. Experimental Validation

6.3.1. Measurements with a Polished Sample

Two sets of measurements should be conducted to calculate the light trapping enhancement factor.

DSP t

Firstly, ——= should be measured for a double-side polished sample, and then >tex should be

Tpsp Ttex
measured for a double-side textured sample. The incident power of the pump laser must be equal
for both sets of measurements. In this work, the incident pump power is different, therefore

Equation (6.16) must be rewritten in a different form:

K Stex  TpspPopsp fpsp Atex (1+ Rpsp) (6.17)
n TtexPO,tex SDSP,t ftex ADSP (1 - Rgsp) .

where Py tex and Py psp are the incident pump powers used in experiments with textured and

polished samples, respectively.
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spsp,c  (1-Rpsp)
TpspPo,psp (1+Rpsp)

In this section, | present the experimental results of measuring the ratio Cpsp =

In the experiment, spsp . and tpsp are measured in transmission mode geometry for a range of
incident pump powers changing from 100 mW to 600 mW. sp¢p . is calculated by measuring the
AC and DC parts of the transmitted probe beam. R can be measured experimentally or calculated

theoretically. Both theoretical and experimental values of R are equal to 0.18.
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Figure 6.1. Normalized FCA signal of the EI-Cat_15_1 sample versus the effective lifetime. Measurements are done in
the transmission mode geometry. The straight line is the best-fit line through zero. The highest injected carrier density
in the EI-Cat_15 1is 2.3 x 10® cm-3.

The slope of the best-fit line in Figure 6.1 is equal to Cpsp = (2.96 + 0.01) x 107> W~L. This

value is used later to calculate u.
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6.3.2. Generation Rate in a Double-side Textured Sample

Before proceeding to the measurement of light path enhancement, the generation rate must be properly
calculated for a double-side textured sample. Due to diffused spread of the light inside the textured sample
free-carriers are created in the larger volume compared to the cylindrical generation volume in the double-
side polished sample. In order to determine the generation volume, axial and lateral distribution of generated
free carriers must be considered. The axial distribution is assumed to be uniform. The lateral distribution is
assumed to have a larger radius than the initial radius of the gaussian pump beam. | have conducted a Monte
Carlo simulation of light propagation and absorption in the double-side textured silicon wafer with the
Lambertian surfaces to determine the lateral distribution of free carriers. The simulation model assumed
that the direction of light rays entered the wafer is completely randomized following cosine distribution.
Randomization of the ray direction happens after each reflection. Those rays which angle of propagation
fall into the escape cone (see Equation (2.21)) escape from the medium with 100% transmission. The
probability for the ray to be absorbed is calculated using Equation (2.19). The wafer is divided into equal
layers along the axial direction and the probability of being absorbed is calculated upon entering each layer.
The simulation model traces one million rays and calculates coordinates of the points where the rays get
absorbed or escape from the medium. The initial distribution of rays incident to the sample surface follows
a gaussian distribution resembling the gaussian pump beam. The radius of the incident laser beam is equal

to 1.5 mm and the sample thickness is 325 pm.

Figure 6.2 shows the 2-dimensional distribution of point coordinates where the photons were absorbed and
where some of them escaped from the medium. Fitting this distribution with a gaussian function I can find
the radius of the pump beam spread inside the medium. Conducting the simulation several times and

averaging the results, | found that the radius is equal tow = (1.68 + 0.05) mm. Using this radius, a new

. . . . . A .
cylindrical volume of carrier occupation can be calculated: A, = mw?. Thus, the ratio of === is equal

Apsp

to1.2.
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Y, mm

Figure 6.2. Distribution of absorbed and escaped photons in the double-side textured silicon sample.

6.3.3. Light Path Enhancement Measurement

The final step in the light path enhancement calculation is to find the ratio Cy,, = —2*— for a

TrexPo,tex
double-side textured sample. s,,, is measured experimentally by collecting the AC and DC parts
of the diffused transmitted probe beam. The measurements are done for a range of incident pump
powers, Py tex, Varying from 70 mw to 400 mW. The incident angle of the probe beam is equal to
30°.
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Figure 6.3. Normalized FCA signal of the EI-Cat_15 2 sample versus the effective lifetime. Measurements are done in
the transmission mode geometry. The straight line is the best-fit line through zero. The highest injected carrier density
in the EI-Cat_15_2is 7.0 x 10® cm3,

Figure 6.3 shows the results of the experiment. The slope of the best-fit line is equal to Cy, =
(1.11 4+ 0.01) x 1073 W~L. Now, as both Cpp and C,,, are determined, Equation (6.17) can be

written in a simpler form:

K _ Ctext fosp Atex
N Cpsp ftex Apsp

(6.18)

Here only the ratio of the absorption coefficients of the pump beam for the polished and textured

fpsp

samples, o is left unknown. Absorption coefficients fpsp and fi., can be measured
tex

experimentally or calculated theoretically. The absorption coefficient of the textured sample is

calculated using Equation (C.34): fier = 0.9. The experimentally measured absorption

67



M.A.Sc. Thesis — R. Khabibrakhmanov; McMaster University — Engineering Physics

coefficient of the textured sample is equal to 0.88. Knowing the powers of the total reflected and
transmitted light for the polished sample described in Equations (A.7), (A.8) and assuming that
the FCA is negligible for the pump beam, we can derive the total absorptance of the polished
sample:

(1 _ R)Ze—aW

fDSP = 1 _R - (1 +Re_aw) 1 _Rze—ZaW

(6.19)

Choosing a = 10cm ™1 for the 1064 nm pump beam, the theoretically calculated f;p is equal to
0.25, while experimentally measured f,sp isequal to 0.23. The absorptance in the textured sample
is approximately 3.5 times higher than in the polished sample. This shows a light trapping effect

for the pump beam.

Now, as all components of Equation (6.18) are determined, and n is assumed to be equal to 1.04,
the light path enhancement factor is calculated and equals to 4 = 12.3 + 1. This means that the
average light path of the probe beam after entering the textured sample is 12.3 times the thickness
of the sample. I have conducted several more experiments changing the incident angle of the probe
beam to examine if the textured surface has angular selectivity patterns, meaning that for some
incident angles the light path enhancement can be considerably higher or lower. The results of

these experiments are presented in Table 2.

Table 2. Light path enhancement measured for a range of incident angles of the probe beam with respect to normal.

Incident angle 0° 15° 30° 45°

pt1 11.0 11.7 12.3 10.3
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The angle sweep experiment shows that, in general, angular selectivity has not been detected and

the light path enhancement is close to 12 for all angles.

As shown in 6.2, the maximum light path enhancement factor for a double-side polished silicon
wafer with the Lambertian surfaces is equal to 25. It is more than 2 times higher than the number
measured in this work. This could mean that the texturization quality of the examined sample is
relatively far from the Lambertian surface. In this case, the light inside the sample is not fully
randomized and a considerable amount of light escapes from the sample during the first several
passes leading to a reduction of the average light path. In addition, a lower rate of randomization
causes angular selective transmission and reflection patterns. The SEM images of the examined
sample also show that some of the surface pyramids are smaller than 1 um in size, which leads to
worse light trapping properties. However, the experimental results presented in 5.2.2 and the
theoretical analysis of propagated light derived in 5.3.2 show that the reflected and transmitted
light observed with the textured sample follow the Lambertian model. The results presented in
Table 2 also do not show strong signs of angular selectivity. Finally, the experimentally measured
absorption coefficient of the textured sample is in good agreement with the absorption coefficient
calculated using the ray tracing simulation, and the theoretical model. Therefore, | assume that the
quality of the textured surface examined in this experiment is close to Lambertian and | expect that
pu must be higher than the experimental results. At the same time, there are no publications that
could show high experimental values of light trapping enhancement in comparison with the
Lambertian limit. Analysis of the light trapping efficiency of various silicon structures presented
in [61] shows that experimentally measured values are in general significantly lower compared to
values calculated numerically. This fact could be a sign that more theoretical studies are needed to
investigate potential parasitic effects that could reduce the light trapping enhancement in real
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structures. For example, parasitic band to band absorption is completely neglected in this study
due to the extremely low absorption coefficient for a 1550 nm wavelength. The absorption
coefficient of the overall parasitic absorption must be around 1.1 cm™ to reduce the light path

enhancement to 12.

Even though several experiments have been performed with different incident angles of the probe
beam, angular selectivity of transmitted and reflected light could still be a reason of relatively low
light path enhancement measured in the experiment. The surface of the examined sample consists
of random pyramids with sizes ranging from 1 pm to 5 um. According to the ray tracing
simulations presented in the literature [34], propagation directions of light rays inside a textured
silicon wafer become fully randomized only after several reflections. This means that a
considerable fraction of light rays may be reflected/ transmitted non-diffusely and may transmit
power in particular directions. These rays might not be collected by the system of lenses. At the
same time, when they get collected and detected, they are mixed with the diffusely scattered light
and the final signal is produced by the average of the two types of collected photons. As a result,
total attenuation of the probe beam is decreased which leads to a lower value of the average light
path of the probe beam inside a sample. Angular selective reflectance measurements must be

performed to analyze this phenomenon more accurately.

The experimental procedure described in this chapter is only valid for the case when the reflected
and transmitted radiation is close to Lambertian distribution. This ensures correct estimation of the
amount of light collected with a system of lenses. In order to broaden this technique to samples
with worse texturization quality, an integrating sphere must be used to collect all of the reflected

or transmitted light.
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6.3.4. Alternative approach

In this section, | present a slightly different approach to the light trapping enhancement factor

calculation. It is based on Equation (6.13) that can be rewritten in a more convenient form:

Stex = KUOFcaT (6.20)
where K is given by:
_ szaPO,pu/lpu
—Ap he (6.21)

Factor K consists of parameters that are defined by the experimental setup, while s, and 7 are

measured experimentally. Thus, the light path enhancement factor can be derived as:

_ Stex
u

" Kopcat (6.22)

The only unknown parameter left is ogcp — the FCA cross section. ogcp is @ material constant that
can be found in literature or experimentally. Experimental determination of opc4 IS preferable as
it can vary for different silicon samples. The most accurate approach is to measure opca Of @
polished silicon wafer before texturization procedure, or to measure ogca Of a polished silicon
sample taken from the same wafer as the examined textured sample. A description of the ogca
measurement procedure is described in [14], [26]. In this work, ogca IS measured experimentally

and equals to (4.8 + 0.2) x 107 1%um?2,
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Figure 6.4. Plot of the normalized reduced signal versus effective lifetime for EI-Cat_15 1 double-side polished sample.
The straight line is the best-fit line through zero. The highest injected carrier density in the EI-Cat_15 1 is 2.3 x 10'®
cms.

The normalized signal s/K is plotted as a function of the effective lifetime t in Figure 6.4. The
slope of the best-fit line divided by ogca is the light path enhancement, which is equal to p =
12 + 1.Thus, if ogca is known, there is no need to conduct measurements with a polished sample
and the light path enhancement factor can be determined by conducting measurements only with

a textured sample.

6.4. Summary

In this chapter, | present a new technique for measurement of light path enhancement in a textured
silicon wafer. In 6.2, | provide a theoretical description of the technique. In 6.3, | present
experimental results and explain the details that must be considered in the experimental procedure.

The obtained results are analyzed and compared to the theoretical limit. Based on the results of
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this chapter, | have demonstrated for the first time the pump/probe MFCA technique that can be
used to analyze the quality of the textured surface by measuring the light path enhancement factor.
This method significantly broadens the application of the pump/probe MFCA technique as it can
be used to measure the effective lifetime and to control the texturization quality of silicon surface

simultaneously.
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7. Conclusion and Future Work

7.1. Conclusion

In this dissertation, | have demonstrated a new experimental approach that can be used in MFCA
measurements to determine the effective lifetime of silicon wafers. | have shown how MFCA
measurements can be done in the reflection mode geometry and compared it to the conventional
approach — transmission mode geometry. It has been shown that the results of lifetime
measurements are identical for the reflection mode technique and the conventional transmission
mode technique. The experimental procedure has been presented to measure the effective lifetime
of textured samples. A comprehensive analysis of light propagation in a double-side polished and
double-side textured silicon samples has been derived. The analysis is validated with experimental
results. The derived theoretical model of light propagation has revealed potential light trapping
capabilities in a double-side polished silicon sample, as well as examined the reflection and
transmission properties of a double-side textured sample. It has been shown that the reflection
mode MFCA technique can be a new additional option for noncontact characterization of silicon
wafers and can make the MFCA method more flexible in the choice of the geometry of the

experimental setup.

| have also developed a new experimental technique that uses the MFCA method to measure the
light trapping enhancement in a textured silicon wafer. This technique can be used to
simultaneously analyze the quality of the surface texture and measure the effective lifetime of a
silicon wafer or a solar cell. The model explaining propagation of light inside a textured silicon
wafer has been derived and the experimental procedure has been fully described. The technique

has shown reasonable experimental results, which, however, considerably deviate from the
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theoretical limit. Most likely, the reason for the deviation is the low surface quality of the examined
wafer compared to the Lambertian surface. It is nearly impossible to calculate the light path
enhancement factor in the given sample theoretically, therefore the experimental results can only
be compared with the Lambertian limit. However, some undetermined physical processes could
be a reason for the low light path enhancement factor measured in the experiment, as there is no

evidence of a high light trapping enhancement factor measured experimentally in literature.

To sum up, the experimental techniques demonstrated in this dissertation considerably broaden the
application of the MFCA method. The reflection mode MFCA technique provides higher
flexibility in the choice of the geometry of the experimental setup. The light path enhancement
measurement technique based on the MFCA method provides an opportunity to use a single

technique and experimental apparatus to measure two crucial characteristics of silicon solar cells.

7.2.  Future Work

The experimental results of the light path enhancement factor measured in this work should be
compared to the experimental results that can be received using other techniques. This should be
done to understand whether the developed technique provides correct results. Also, an
experimental setup with an integrating sphere should be used to collect all reflected and transmitted
radiation. This can increase the accuracy of measurements, especially for wafers with relatively
low surface quality. Performing measurements for different types of surface textures (random
pyramids of different sizes, inverted pyramids), light trapping schemes (with/without back
reflector, one-side polished and one-side textured), and for wavelengths of the probe beam can

help to check the accuracy of the derived model explaining the light propagation inside a textured
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silicon wafer. It also would be great to test the demonstrated technique with plasmonic light

trapping structures on silicon.
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Appendix A Calculation of the
Amplitudes of the Modulated Terms of the
Total Reflected and Transmitted Powers

for the Double-side Polished Sample

When light strikes a semiconductor interface, a fraction of the incident power is reflected while
the rest is transmitted. If the absorption coefficient of the semiconductor is weak then the light that
enters the semiconductor will undergo multiple reflections, partially transmitting out of the
semiconductor each time it reaches an interface. The total light that emerges from the front surface
is the reflected light, while the total light that emerges from the back surface is the transmitted

light.

The reflectance and transmittance of a slab are given by considering an infinite number of bounces.
Each light ray that traverses the wafer is attenuated by a factor e 78, Here f is an absorption factor
which in general has contributions from band-to-band and free-carrier absorption. The factor n =
secy describes the increase in pathlength through the wafer due to a non-normal angle of

propagation, where  is the angle of propagation from normal through the wafer.

For an incident power, P,, the reflected power from the first surface is:
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where R is the interfacial reflection coefficient. The second reflected beam is given by:

P,, = T2Re™278p,, (A-2)

Here T is the interfacial transmission coefficient (where R + T = 1), which is squared because the
initial light ray has to transmit into the wafer, then transmit out again. The factor of 2 in the

attenuation factor accounts for two passes through the wafer. The next reflected beam is:

P., = T2R3¢™*16 P, (A3)

Generalizing to the m" reflected ray:

(A4)

Prm — TZRZm—le—ZmT)BPO‘

wherem =1, 2, ...

Similar calculations are performed for the transmitted power. The total reflection and transmission

are then given by:

(o]

T2
R =RPy+—Py z [R2e=2nB|™, (A.5)
m=1
T? - m
— 2,-2 A.6
P, —Rze_nﬁPOZ[R e=218]™, (A.6)
m=1
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Performing the sums, the total reflection and transmission become:

T2e~218 (A7)
P. = RP, l1 S Rze—ZWﬁl ,
po_p T (A8)
£ %1 - R2e2mB

As mentioned before, the absorption factor 8 has contributions from band-to-band and free-carrier

absorption and may be written as:

B = aW + aFCAW ) (Ag)

where a and apc, are the band-to-band and average free-carrier absorption coefficient,

respectively, and W is the wafer thickness.
Substituting Equation (A.9) into Equation (A.8):

PyT?e~ "W g=narcaW (A.10)

P, = .
t ™ 1 — R2e—2naW g—2napcaW

Letting C = e~ "W and x = nW ag¢,, the total transmitted power is given by:
PyT?Ce™ (A.11)

t = 1 — R2C2e—2x

The amplitude of the modulated term of the total transmitted power in the small signal limit, P 5,
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can be determined by calculating its derivative with respect to x, as follows:

dp, (1+R*C?) (A.12)
Peac = g 0% = ~R T A —pagay A%

where Ax = nW Aagc,. The FCA absorption is given by apcs = 0pcan, Where ogc,4 is the FCA
cross-section and n is the mean excess carrier density induced by the pump laser. In the small
signal limit, the FCA absorption can be defined as a time-dependent term: Adpcs = Grcaldng,

where An, is the time-dependent excess carrier density of Equation (5.1).

Using Ax = nWAag-4 = nWorcaAn, and taking into consideration that in the experiment the

probe beam does not undergo band-to-band absorption (a« = 0) we can find P, 4:

1+ R?
( 2 NWogca Any. (A13)

Piac =P ATR?

Similarly, the amplitude of the modulated term of the total reflected power can be calculated as:

2R
Prac=F mnWUFCAAnI : (A.14)

I have included FCA photoabsorbance, i.e. the effects on the reflection and transmission
coefficients due to changes in absorption from additional free carriers, but have neglected free
carrier photoreflectance, i.e. the effects on the reflection and transmission coefficients due to
changes in optical index from additional free carriers. It can be shown that the latter is much

smaller than the former for our experimental configuration and so can be neglected. The Drude
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model provides a simple framework to estimate these effects. Following Soref [65],

Ag = a1 n___b
T ntcien |mzn, m2u,|’ (A.15)

A [n  p
An = I + l (A.16)

- 2,2
8meciggn |my  my

where Aa and An are the magnitude of changes in absorption and index, respectively, induced by
optical excitation. Here g is the fundamental electron charge, A is the wavelength of light
absorbed, &, is the permittivity of free space, c is the speed of light, » is the refractive index of
the semiconductor, m; and m, are the electron and hole conductivity effective masses,
respectively, u, and u, are the electron and hole mobilities, respectively, and n and p are the
concentrations of free electrons and holes, respectively. In this work, free electrons and holes are
generated in a one-to-one ratio, so n = p. Using standard values for my, my, u, and p, for
lightly-doped silicon, we find the ratio W* = An/Aa = 21 pm, independent of probe wavelength.
Extending the methodology described in Equation (A.12), we can calculate the relative impact of
index changes to absorption changes on the reflection and transmission terms. For normal
incidence and n > 1, we find that the ratio of the index changes to absorption changes, upon
optical carrier injection, is given by 4W* /W n?, for both reflection and transmission cases, where
W is the sample thickness, as before. For W = 575 pm and using n» = 3.5, we find a ratio of
0.012 for the sample under investigation and so we can safely neglect the effects of free carrier
photoreflectance as compared to free carrier photoabsorbance. For very thin samples such that

W « W*, the opposite situation would occur.
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Appendix B Calculation of the Ratio of the
Modulated Amplitudes of the Reflected
and Transmitted Powers for the Double-

side Polished Sample

In the situation when the incident light has a mixed polarization, the power of the incident light
can be represented by a combination of powers of two beams (P, s = P, sin0 and P, , = P, cos 6,
where 0 represents the angle of polarization from 0 to 90 degrees) with two orthogonal
polarizations (s and p). Therefore, the total reflected and transmitted powers in Equations (A.7),
(A.8) can be divided into four equations with respect to s or p polarized light:

Tée *"P ) (B.17)

Pr,s = RSPO,S <1 + m

T2e 21
_ P B.18
P.p = R,Po, (1 + Rge-znﬁ> , (B.18)

TZe P (B.19)

P .= —_—
t,s 0,s 1— Rge_zylﬁ
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b Tje " (B.20)
b TOP 1 — R2e-2mB

where R, R,,, T, and T, are the reflection and transmission coefficients for s and p polarized light
respectively. Next, using calculations made in Appendix A, we can transform Equations (B.17) -
(B.20) into the amplitudes of the modulated terms of the total reflected and transmitted powers

with respect to the polarization of the incident light:

, 2R
Py s.ac = PosTs mUWUFCA Any, (B.21)
2 2 p
PT.p,AC = PO,pr — T]WO'FCA Anl, (822)
(1-R3)
, 1+R:
P s,ac = PosTs mﬂwapm Ang, (B.23)
, 1+R}
Pt,p,AC = Po,pr ———— NWpca Ay . (B.24)
(1-R3)

The amplitudes of the modulated terms of the total reflected and transmitted powers consisting of

both s and p polarized light can be calculated using Equations (B.21) - (B.24) and knowing that
P.=/P%+ P?and P, = /Pfs + P2, . Therefore:
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T4R2 T4R2
Py ac = 2PyOpca AnynW sin2@——>_ 4 cos29—2—P T (B.25)
(1—-R2)* (1 _ RZ)
p
T&(1 + R2%)? T4 1+ R2
Piac = PoOpca AnynW  [sin? 95(—5) +cos2@-Pr— " P ( ) - (B.26)
| (1-R2)? (1-r3)°

Thus, the ratio R of the P, 5c and P, o is calculated as:

R =

(14 R23)2(1 + Rp)*sin?0 + (1 + R3)%(1 + Rg)*cos?0

Prac \/ RZ(1+ Rp)*sin? 0 + RZ(1 + Rs)* cos? 0 (B.27)
Pt,AC B
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Appendix C  Calculation of the
Amplitudes of the Modulated Terms of the
Total Reflected and Transmitted Powers

for the Double-side Textured Sample

When the light strikes an interface of a textured silicon sample, a fraction of the incident light is
reflected and the rest is transmitted. If the textured surface has the same properties as the
Lambertian surface, weakly absorbed light entering the surface gets scattered into different
directions. As a result, the light rays become isotropically distributed inside the textured sample
and the light forgets information about its initial direction. The total light that emerges from the
front surface is the reflected light, while the total light that emerges from the back surface is the

transmitted light.

The analysis presented here is similar to Appendix A — the total reflectance and transmittance of
the sample are given by considering an infinite number of bounces, and the calculation procedure
has the same logic. Performing the sums, the total reflection and transmission become:

f—fe 2P (C.28)

— 2
Pr - PO Rtex + (1 - Rtex) 1— (1 _ f’)ZQ—ZZB

fe P (C.29)

— 2
Pt - PO(l - Rtex) 1 _ (1 _f,)ze_zzﬁ
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where f' = f(1 — Reex) , Where f is the fraction of light that can escape from the medium at each
interaction with the textured surface, which is determined by the critical angle of the total internal
reflection. The fraction of light in the loss cone is given by: f = 1/x2, where =« is the refractive
index of the medium. R,., is the reflection coefficient of the textured surface, so the fraction of
light that initially enters the wafer is equal to (1 — R;.,). Z is the ratio of the average traveling
distance of the average light ray propagating from one surface to the other, relative to the wafer

thickness.

Substituting Equation (A.9) into Equation (C.29):

Py = Po(1 = Rppy)? T & e e (C.30)
- ex

1— (1 — f’)ze—ZZaWe—ZZO(FCAW

The fraction of the total absorbed power, which can be calculated as A = 1 — P./Py — P /Py, IS

given by:

fe—ZO(We—ZO(FCAW

1 — (1 — f")2e—22aW g=2ZarcaW

A =1 Ry — (1 + e ?We?rcal (1 — f1)) (C.31)
Simplifies to:

f(l _ Rtex)ze—ZO(We—ZO(FCAW

1— (1 — f’)e—ZO(We—ZOLFCAW

A=1- Rtex - (032)

The absorption coefficient formula derived above can be compared to the formula derived by

Yablonovitch [29] for a double-side textured silicon wafer with no back reflector:
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2n%alW

“1+2n2aW (C.33)

where 7 is the refractive index of silicon. Equation (C.33) is applicable only for weakly absorbed
light: W « 1, do not consider FCA: az-4W = 0, and consider R;,, = 0. Z can be approximated
by the average ray traveling distance equal to 2 times the device thickness [31], so Z = 2 . With

such assumptions Equation (C.31) can be rewritten:

fe—ZO(W
A=1-(1+e(A-f))— (= FyZe—raw (C.34)
which simplifies further to:
fe—20cW 1— e—ZaW
A=1 (C.35)

1P 11— e W

92



M.A.Sc. Thesis — R. Khabibrakhmanov; McMaster University — Engineering Physics

10° § —— vyablonovitch
] Textured
=
(=] |
2
[= 8
[
Q
[T, ]
€ 1071
III| T T IIIIII| T IIIIIII| T IIIIIII| T IIIIIII|
103 10-2 101 10° 10!

aWw

Figure 0.1. Absorption coefficient of a double-side textured silicon wafer versus alWW calculated using Yablonovitch’s
formula and the Equation (C.34).

Figure 0.1. Absorption coefficient of a double-side textured silicon wafer versus W calculated
using Yablonovitch’s formula and the Equation (c.34).shows a comparison of an absorption
coefficient derived using the Yablonovitch formula and the formula derived in this appendix.
Equation (C.34) is in good agreement with the Yablonovitch formula especially for low values of
aW. This means that the approach used in this work to describe the light propagation inside a

textured silicon wafer give results consistent with Yablonovitch’s results.

Letting C = e~2%W and x = ZW a4, the total transmitted power is given by:

fee™ (C.36)

— 2
Pt - PO(l - Rtex) 1 _ (1 _ f,)ZCze_Zx
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The amplitude of the modulated term of the total transmitted power in the small signal limit, P, 4,

can be determined by calculating its derivative with respect to x, as follows:

P

d Cf(1+C2(1—f')2)
Piac = EAX = —Py(1 — Rey)? A (C.37)

a-a—F e

where Ax = ZW Aagq,. The FCA absorption is given by apca = dpcan, Where og¢4 is the FCA
cross-section and n is the mean excess carrier density induced by the pump laser. In the small
signal limit, the FCA absorption can be defined as a time-dependent term: A@pcs = Orcaldng,

where An, is the time-dependent excess carrier density of Equation (5.1).

Using Ax = ZWAag-4 = ZW apc4An, and taking into consideration that in the experiment the

probe beam does not undergo band-to-band absorption (« = 0) we can find P, 4:

fA+1-£)?) (C.38)

Pt,AC = P()(l — Rtex)z (1 _ (1 — f’)2)2 WZGFCAAnl

Similarly, the amplitude of the modulated term of the total reflected power can be calculated as:

2f@—f9 (C.39)

PT,AC = Po(l — Rtex)z (1 _ (1 — f’)2)2 WZGFCAAnl

Using assumption that f<<1, P, o and P, 4¢ can be simplified to:

(1 — Reex)?
Peac = Prac = TexPo WZopcaAng (C.40)
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As stated before, Z can be approximated as 2, which leads to:

(1= Reex)?
Peac = Prac = %Po Wopcadny (C.41)
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Appendix D Interference Effect in a

Double-side Polished Silicon Wafer

The interference effect caused by multiple reflections of the probe beam inside a double-side
polished silicon wafer can significantly impact the results of the MFCA experiment. This appendix
examines in what conditions interference effects can occur in a polished silicon wafer. The main
condition when interference occurs is when there is a strong overlap between the light beam
passing through the sample and the consequent reflections of the beam inside the sample. It is
assumed that most of the light escape the sample after two reflections. Therefore, an overlap
between the transmitting beam and the first reflection of the beam from the back surface is
considered. Figure 5.7 shows how the angle of incidence and the diameter of the incident beam
affect the beam overlap percentage in a 575 mcm thick silicon wafer. In order to investigate this
effect in more detail, | have completed a set of 2D FDTD simulations of light propagation inside
a double-side polished silicon wafer for different thicknesses of the sample and different incident

angles of the light beam.

Simulation results must be compared with theory to validate correctness of simulation. The
reflectance of a double-side polished semiconductor in the air for a perpendicularly incident light
is given by:

_ 2a(1 —cosv)
" a+b—2acosv

(D.42)

where:
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a=(1-n)%(1+n)? (D.43)

b=(1+n)* (D.44)
__4mnh

V= A (D.45)

Where n is the refractive index of the silicon wafer, h is the wafer’s thickness, and A, is the

wavelength in vacuum.
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Figure 0.2. Reflectance of normally incident light from a double-side polished silicon sample versus sample’s thickness.

Figure 0.2 shows how the reflectance of the double-side polished silicon sample changes when its
thickness changes from 500 pm to 500.2 um for a 1550 nm incident light. I have computed FDTD

simulation where | analyzed how reflectance changes with changing sample’s thickness.
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Figure 0.3. Reflectance of normally incident light from a double-side polished silicon sample versus sample’s thickness
calculated in FDTD simulation. Beam’s diameter is equal to 50 pm.

Figure 0.3 presents the results of the FDTD simulation. It can be seen that the reflectance behavior
is in good agreement with the theoretical model presented in Figure 0.2. The change in reflectance
is caused by changes in interference pattern due to change in the sample's thickness. The difference
in 200 nm causes a significant change in reflectance. Therefore, | assume that if the roughness of
the sample's surface is in the range of 200 nm or higher, the interference pattern could average out

and will not significantly affect the effective lifetime measurement results.

When the incident angle of the laser beam is about 45 degrees away from normal, the overlap
between reflected beams inside the medium is relatively small (according to Figure 5.7) and
interference effects do not occur. To prove this statement, | also computed FDTD simulations of
1550 nm light propagation in a 500 pum thick sample for a 45 degrees incident angle of the

incoming beam.
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Figure 0.4. Cross section of FDTD simulation of light propagation inside a 500 um thick silicon sample. Incident angle
of the light beam is 45 degrees. Wavelength is 1550 nm. Beam’s diameter is equal to 50 pm.

Figure 0.4 shows intensity of the propagated beam inside a silicon sample. Interference fringes
occur near the edges of the sample where two beams overlap with each other. But the overlapping
volume is much smaller compared to the full propagation volume of the beam. For this incident
angle, | have done the same analysis of reflectance change versus change in thickness as for the
case with a normal incident angle. If interference effects are strong for 45 degrees incident angle,

total reflectance will change when the thickness of the sample changes.
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Figure 0.5. Reflectance of 45 degrees incident light from a double-side polished silicon sample versus sample’s
thickness calculated in FDTD simulation. Beam’s diameter is equal to 50 pm.

Figure 0.5 shows that reflectance does not change with changing thickness for a 45 degrees
incident angle. This means that at this angle interference effects can be neglected. Thus, incident
angles that provide a relatively small overlap of the reflected beam inside the medium can be safely

used for reflection and transmission mode MFCA measurements.

100



