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Abstract

While solar energy is already one of the cheapest methods for generating electricity,
further improvements to solar cell efficiencies are needed to continue reducing the cost
of photovoltaic (PV)-based energy along its current learning curve. Further improvements
to the bulk lifetime of silicon wafers and cells are necessary, to keep up with rapid
developments in the remaining regions of the solar cells i.e., surfaces and contacts. To
achieve this, better identification of bulk defects in the dominant p-type silicon material
is required. In this thesis, various characterization methods are developed and utilized to
study two types of p-type bulk defects: recombination-active defects and minority carrier

traps (traps).

Photoconductance decay (PCD) measurements are used to investigate the boron-
oxygen (BO)-related traps in boron (B)-doped Czochralski (Cz) silicon wafers. It is found
that these traps are acting as the precursor of BO-related defects which cause light-
induced degradation (LID) in B-doped Cz wafers. For the first time, the PCD
measurement method is introduced as a potential method to investigate defects in their
non-recombination-active form. The results from doping- and temperature-dependent
PCD measurements suggest that the investigated BO-related traps have more than one

energy level.

The PCD method is also used to investigate traps in B-doped multicrystalline silicon
wafers. It is shown that a set of slow traps are present in these wafers. These traps are
temporarily removed after firing and they are re-generated by keeping the samples in the
dark for several days or by dark annealing (DA) them for a short time. Further
investigation of these traps shows that they are annihilated with laser annealing, and likely
irreversible. However, no connection between removal of these traps and generation of
light- and elevated temperature-induced degradation (LeTID)-related defects is observed.
A deeper investigation of the observed traps suggests that grain boundaries are likely to

be the cause.

Newly emergent gallium (Ga)- as well as indium (In)-doped Cz silicon wafers are
investigated. First, the presence of LID in these wafers is studied, suggesting that
degradation happens at two stages for Ga-doped wafers and in a single stage for In-doped
wafers. Moreover, defect annihilation with DA happens in two stages for both materials.
The defect formation and annihilation activation energies for both Ga- and In-doped
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wafers are measured. The parameters of LID-related defects in Ga-doped wafers are
extracted, suggesting that LeTID-related defects might be the source of degradation in
this material. Traps in Ga-doped wafers are also studied. It is shown that these traps are
removed with light soaking and re-generated with DA. However, they are not related to

the observed LID in Ga-doped wafers.

A new method for the extraction of defect parameters from completed and fully
metalized solar cells is developed based on temperature-dependent Suns-Voc
measurements, Suns-Voc(T). This Suns-Voc(T) method is validated by extracting the
parameters of the well-known BO-related defects and comparing them to defect
parameters extracted from lifetime structure and values published in the literature. The
new Suns-Voc(T) method is then used to extract the parameters of the defect causing LID
in Ga-doped cells and the results are compared with the reported results in prior chapters
and literature. A sensitivity analysis is performed for the Suns-Voc(T) method, suggesting
that the limited temperature range of the measurement system does not cause a systematic

error in the extracted parameters of the two investigated defects.
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Chapter 1

Introduction

1.1 Motivation

There is more than 99% agreement in the published literature regarding the impact of
human activities on the emergence of climate change [1]. The main impact induced by
humans is the emission of greenhouse gases, which results in an increase in the earth’s
average temperature [2], via the greenhouse effect [2]. A representation of this effect is
shown in Fig. 1.1. Without any greenhouse gasses, the absorption of solar radiation is
balanced with the earth’s surface emission which is proportional to the fourth power of
surface temperature. With the presence of greenhouse gasses, they absorb a part of the
emitted heat from the earth’s surface. Some of this absorbed heat is emitted back to the
earth in the infrared range. To maintain the balance between heat absorption and emission,
the earth’s surface temperature increases to emit even more heat [3]. With an increased
level of greenhouse gases, this phenomenon is amplified leading to a further increase in
the earth’s temperature [3, 4]. This effect has been denoted as global warming. The
average increase in the northern hemisphere’s temperature with time is shown in Fig. 1.2.
The average temperature shows a significant and abrupt increase in the past hundred
years, after ~ 1,000 years of slight decrease [4]. The very important impact of this global
warming is a change in the global climate pattern, thus, the expression “climate change”

is more suitable than “global warming” to describe this problem [5].

The two main greenhouse gases are carbon dioxide (CO2) and methane (CH4) with
CO2 having the higher global emission of the two comprising ~76% of the total
greenhouse gas emissions [6]. A significant portion of this emitted greenhouse gas
(~ 73%) is due to energy needs [7] with burning fossil fuels being the greatest contributor
[4]. Reducing greenhouse gas emissions is the cornerstone of every proposal to battle
against climate change [8, 9], thus, substituting fossil fuels with clean renewable energies
is a crucial step in this battle. Solar energy is renewable energy which is projected to be
the largest source of energy production by 2050 [10]. The annual solar energy received
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by the emerged continents is ~ 23,000 TWy, which is ~ 1,500 times the amount of the
total annual energy consumption by humans [11]. The two main solar energy types are

photovoltaic (PV) and solar thermal with the first one having the larger energy market by

far [12].
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Fig. 1.1. A representation of the greenhouse effect and its impact on the earth’s temperature [3].
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Fig. 1.2. The millennial temperature of the northern hemisphere as a function of time, relative to the average
temperature in the 1961 to 1990 period. The grey area is a two standard error limit [6].

Besides being clean, renewable, and abundant, the rapid reduction in its levelized cost
of electricity (LCOE) is another driving force behind the shift from fossil fuel-based
electricity to solar energy [13]. In Fig. 1.3, the price learning curve of PV-based energy
between 1976 to 2019 is shown. The price of PV-based electricity has dropped by more
than ~ 500 times making it the cheapest form of electricity production [13, 14]. To
continue following this learning curve and further reducing the cost of PV, an increase in

the efficiency of solar cells is required.
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Fig. 1.3. Crystalline silicon PV energy price learning curve. The solid line is a fit to the data [13].

1.2 Thesis objectives

Currently, silicon-based solar cells account for ~ 96% of the total PV market with
monocrystalline silicon solar cells having more than two-thirds of the market share and
multicrystalline silicon (mc-Si) having about a third of the share [15]. The efficiencies of
these two types of solar cells have been improved over the years and have reached > 26%
for monocrystalline- and >23% for mc-Si wafers (research-level efficiencies), with
numbers increasing rapidly [16, 17]. To further improve these efficiencies, it is important
to enhance their bulk charge carrier lifetime. For this purpose, it is necessary to: 1)
develop new methods to investigate bulk defects in silicon wafers; and 2) study the impact
of the defects on the lifetime which affect solar cell voltage and, hence, efficiency.

Thus, the objective of this thesis is to investigate two types of bulk defects:
recombination-active defects and minority carrier traps (traps) in p-type silicon wafers,
which is still currently the dominant bulk doping polarity for commercial silicon solar
cells. This is done by developing new and targeted bulk characterization methods as well
as investigating light-related degradation in p-type silicon wafers. The aims of this thesis

are:

1. To optimize the photoconductance decay (PCD) measurement method for the
investigation of traps;

2. To apply this method to study traps in p-type monocrystalline- and mc-Si;

3. To investigate the kinetics of light-induced degradation (LID) in gallium (Ga)-doped

silicon wafers;
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4. To identify the LID-related defect in Ga-doped Czochralski (Cz) wafers; and
5. To develop a method for the characterization of defects in completed and fully

metalized solar cells.

1.3 Thesis outline

In Chapter 2, the basic concepts of bulk recombination and its mechanisms, lifetime,
and minority carrier traps are reviewed. Moreover, the temperature- and injection-
dependent lifetime spectroscopy (TIDLS) technique for defect characterization is
presented. In the last section, a brief overview of LID in three different types of p-type

silicon wafers is provided.

In Chapter 3, PCD measurements are used to investigate the correlation between traps
and boron-oxygen (BO)-related defects in boron (B)-doped Cz silicon wafers. Doping-
and temperature-dependent measurements are performed to better understand the nature
of the traps.

In Chapter 4, the PCD method is used to investigate traps in B-doped mc-Si wafers.
The impact of firing and laser annealing processes on traps is studied. The possible source
of the traps is examined in the last section of this chapter by investigating samples with
different impurities and structural defects, through contrasting mono-cast silicon wafers.

In Chapter 5, Ga- and indium (In)-doped Cz silicon wafers are investigated and their
LID properties are studied. Their defect formation and annihilation activation energies
are measured. Furthermore, the parameters of the LID-related defect in Ga-doped wafers

are extracted for the first time. Traps in Ga-doped wafers are also studied in this chapter.

In Chapter 6, a new method for the extraction of defect parameters from fully
metalized solar cells is developed, based on temperature-dependent Suns-Voc
measurements, Suns-Voc(T). This method is validated by extracting the parameters of a
well-known defect with known defect parameters. The Suns-Voc(T) method is then used
to extract the parameters of the defect causing LID in Ga-doped cells. A sensitivity

analysis is performed at the end of the chapter.

Finally, in Chapter 7, the important findings are reviewed and suggestions for future

works are given.
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Chapter 2

Literature Review

The presence of defects in silicon wafers impacts their electrical properties.
Recombination-active defects reduce the carrier lifetime, which in turn affects the
efficiency of solar cells. On the other hand, traps cause artificially high lifetime
measurements hindering the correct lifetime assessment. The basic concepts of
recombination-active defects and traps are presented in this chapter, and a method based
on lifetime spectroscopy for defect characterization is also reviewed. Finally, three types

of LID (which are investigated in subsequent chapters), are discussed.

2.1 Bulk recombination and lifetime

The creation of electron-hole pairs due to optical (and to a lesser extent, thermal)
excitation is called generation. This process is the main principle of electricity generation
in solar cells. With this process, the electrons are excited to the conduction band, while
holes are generated in the valence band, both acting as free carriers. The inverse of the
generation is recombination which results in the annihilation of electrons and holes [18].
Thus, recombination is considered an unwanted process that decreases the efficiency of
solar cells. Recombination can happen in different regions of solar cells [18-21]. This

section will review the recombination sources in the bulk of silicon wafers.

Bulk recombination is a result of three mechanisms: radiative recombination [22],
Auger recombination [18], and Shockley-Read-Hall (SRH) recombination [23, 24]. The
first two recombination mechanisms are referred to as intrinsic recombination as they are
present even in pure silicon wafers (with no impurity or structural defects) [25]. Whereas,
SRH recombination is classified as extrinsic recombination as it is caused by the presence

of defects in silicon wafers [25].

For each recombination mechanism, a minority carrier lifetime can be defined. In a p-
type sample, this lifetime is the average time it takes for an electron (minority carrier in

p-type silicon wafers) to recombine after it is generated. Thus in a p-type sample [25]:
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An
_or (2.1)
LT

where 7 is the carrier lifetime, An is the excess electron density (injection) generated due

to the excitation, and U is the recombination rate.

2.1.1 Radiative recombination

Radiative recombination is the reverse process of generation via optical excitation. In
this process, the electron and hole pairs are directly recombined and as a result, a photon
is emitted [see Fig. 2.1 (a)]. Since this mechanism involves one electron and one hole, the
rate of this recombination depends on the density of electrons in the conduction band (n),
and holes in the valence band (p) [18]:

Urqa = B(np — n}) (2.2)

where Urag IS the radiative recombination rate, B is the radiative recombination
coefficient, and n; is the intrinsic carrier density. Moreover, n = ng + An and p = po + Ap,
where no (po) is the electron (hole) density in thermal equilibrium and Ap is the excess
hole density. B is a measure of the probability of radiative recombination which depends
on the band structure of the semiconductor and has been determined in several studies
[22, 26-28]. The carrier lifetime corresponding to the radiative recombination is:

An An
= = 2.3
frad Urad B(np - nlz) ( )

where rad IS the radiative recombination lifetime. Simplifying Eq. (2.3) for a p-type

sample (po > no) considering the law of mass action (nopo = ni%) [29]:

1

- 2.4
Trad B(po + An) 24)

Thus, at low injection levels (po > An) the radiative lifetime is independent of the excess

carrier concentration and depends only on the doping concentration.
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a) Radiative recombination b) Auger recombination c) SRH recombination
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Fig. 2.1. Schematic of: (a) radiative recombination; (b) Auger recombination; and (c) SRH recombination mechanisms.

2.1.2 Auger recombination

The other intrinsic recombination mechanism in silicon wafers is Auger
recombination. In this mechanism, the energy released after the recombination of an
electron-hole pair is transferred to a third free carrier, resulting in the excitation of this
carrier [see Fig. 2.1 (b)]. If this third particle is an electron, the recombination rate is
denoted by Ueen While if the third particle is a hole, the recombination rate is named Uenn.
In each of the two cases, two particles of one type are present, thus the recombination rate
is proportional to n?p (eeh case) or np? (ehh case). The total recombination rate due to the

Auger recombination (Ugyger) is given by [30]:
UAuger = Ugen + Uenn = Cn(nzp - n(z)po) + Cp (npz - nop(z)) (2.5)

where Cn (Cp) is the Auger coefficient for the eeh (ehh) process. However, a deviation
from Eq. (2.5) is observed in the experimental measurements (especially in samples with
low doping density) [31]. It has been suggested that this deviation is connected with the
Coulomb interaction between carriers [32]. Thus, modified Auger recombination is

defined as Coulomb-enhanced Auger recombination. The enhanced recombination rate is

[33]:
UAuger = Cngeeh(nzp - n(%po) + Cpgehh(npz - nopg) (26)

with geen and genn being enhancement factors. Thus, the Auger lifetime for a p-type sample

becomes:

An 1 27)
T = = .
Auger UAuger CngeehpAn + Cpgehhpz

Assuming that an equal number of excess electrons and holes are generated in the sample
(An = Ap):
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An 1
UAuger Anz(CngeehpO + Cpgehhpg)

(2.8)

Tauger =

As shown in Eq. (2.8), tauger is inversely proportional with the square of An. Thus, it
decreases significantly as An increases and is typically the dominant recombination

mechanism at high injection levels.

2.1.3 SRH recombination

The presence of impurities and point defects in the silicon lattice can lead to the
formation of discrete energy levels in the bandgap. This energy level can act as a
recombination channel. As mentioned previously, SRH recombination is extrinsic
recombination, meaning that in a wafer without any impurity or structural defects, such

energy level does not exist, and this recombination mechanism is not present.

Due to the presence of an energy level in the bandgap, four possible transitions can
happen. As shown in Fig. 2.1 (c), these transitions are electron capture (c»), electron
emission (en), hole emission (ep), and hole capture (cp) [18]. Thus, assuming a defect level

initially filled with an electron, three types of two-step processes are possible:

1. Generation of carriers through defect level (en + ep): This process happens with an
electron emission, followed by a hole emission. As a result, an electron-hole pair is
generated.

2. Trapping of carriers (en + Cn Or Cp + €p): This happens when the emission of an
electron is followed by the capture of an electron or when the capture of a hole is
followed by the emission of a hole. In this process, the energy level only has an
interaction with one energy band and the total number of carriers in each band does
not change (no generation or recombination).

3. Recombination of carriers (cp + cn): This process happens when the capture of a
hole is followed by the capture of an electron. As a result, one electron-hole pair has
recombined through the defect energy level.

In the case of recombination-active bulk defects, if the assumptions that:

1. The defect has one energy level; and
2. The defect is a point defect (interstitial atoms, substitutional atoms, etc.) and not an

extended defect (grain boundaries, stacking faults, etc.),
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are satisfied, the total recombination rate through these defects can be described with an
equation, derived by Shockley, Read [23], and Hall [24]:
np —n?

(2.9)
Tpo(m + 1) + Tyo(p + 1)

Usgn =

where Usrn IS the SRH recombination rate and zpo and zno are hole and electron capture
time constants, respectively, and are defined as:

1 1

and Tno =
" O VnN¢

= 2.10
Tpo o, v, N, ( )

where op (on) is the hole (electron) capture cross-section, vp (vn) is the hole (electron)

thermal velocity, and N is the defect density. Moreover, ny and p1 are SRH electron and
hole densities, respectively, and are defined as:

Ec_Et Et_Ev

= — 2.11
kBT ) and P1 N‘U( kBT ) ( )

n, = N.exp (—

where Nc¢ (Nv) is the effective density of states in the conduction (valence) band, Ec (Ev)
is the energy of conduction (valence) band, E: is the energy level of the recombination

center, kg is the Boltzmann constant, and T is temperature.

Assuming that an equal number of excess electrons and holes are generated in the
sample (An = Ap), the corresponding lifetime through SRH defects (SRH lifetime)
becomes:

An Ty0(po + p1 + An) + Tp0(ny + 1y + An)
Usgn Ng +pg +An

(2.12)

TSRH =
where zsgy is the SRH lifetime. The capture cross-section ratio (k) is defined as
k = zpo/tno = onlop, Which leads to:

p0+p1+An+ ng +ny +An (2.13)

Tepy =T
SRH — "n0 (no +po + An ng + po + An

meaning that the shape of the injection-dependent SRH lifetime curve depends on two
unknowns, k and E; (through p1 and n1), while zno is a scaling factor that shifts the overall
curve up or down but does not have an impact on the shape of the curve.

For a p-type sample, looking at two special cases of low injection and high injection

levels, Eq. (2.13) further simplifies to:
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n
Tl — 7 (14 % + kp—;) (2.14)
Tl = Tho(1 + k) (2.15)

where 725l and 8% are SRH lifetime at low and high injection levels, respectively. This

clearly shows that the SRH lifetime at low and high injection levels is independent of An.

2.1.4 Bulk lifetime calculation

The net rate of carrier recombination in the bulk (Ubui) of a silicon wafer is the sum
of different recombination rates through all the channels:

Upuik = (Urad + UAuger) + Usgy = Uintrinsic T Usru (2'16)

where Untrinsic IS the total recombination rate through intrinsic recombination channels.
Thus, the bulk lifetime (zui), corresponding to all bulk recombination channels can be

calculated as:

1 U 1 1 1 1 1
— Zbulk _ + + = + (2.17)
Thuik An Trad TAuger TSRH Tintrinsic TSrRH

where zintrinsic 1S the intrinsic lifetime. From Eq. (2.17), it can be concluded that the higher
bound of the bulk lifetime at each injection level is limited by the lowest lifetime among

all the channels.

The radiative, Auger, and SRH injection-dependent lifetime curves of a p-type sample
at 30 °C with 1 x 10'® cm™3 acceptor density (Na) are simulated using Eq. (2.4), Eq. (2.8),
and Eq. (2.13) and presented in Fig. 2.2. The defect used for the generation of zszz has an
energy level in the mid-gap, k =50, Nt =1 x 102 cm™, and on = 1 x 1071® cm?. As stated
previously, the radiative, Auger, and SRH lifetime curves are constant at low injection
levels. zsri is constant at high injection levels as well. Another observation is the higher
injection-dependence of Auger recombination compared with radiative recombination.
This is because radiative recombination is correlated with An, while Auger recombination
is correlated with An?. Moreover, as stated before, the bulk lifetime at each injection level
is limited by the lowest lifetime. While in the low injection range, the bulk lifetime is

limited by the zsz#, at the high injection range, z4uger is the limiting factor. Between these
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two regions, a combination of both recombination mechanisms determines the overall

bulk lifetime value.
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Fig. 2.2. Simulated radiative, Auger, and SRH injection-dependent lifetime curves for p-type silicon with
Na =1 x 10% cm™3 at 30 °C with an SRH defect with the energy level in the mid-gap, k =50, Nt =1 x 103 cm™3, and
on=1x10"6cm?

2.1.5 Lifetime measurement

In a sample with uniform carrier distribution, the change in the excess electron
concentration in the conduction band with time is equal to the generation rate (G) minus

total recombination rate (Utotal):

dan =G-U =G An 2.18
dt - Total — Teff ( . )
where zest is the effective lifetime impacted by bulk and surface recombination:
1 1 1
= + (2.19)

Teff B Thuik Tsurface
where zsurface 1S the surface lifetime. From Eq. (2.18), the effective lifetime becomes:

An

Teff = dAn (2.20)

GC—ar

meaning that the effective lifetime can be calculated by knowing the generation rate and

the excess electron concentration at any given time after the excitation.

To measure the injection-dependent lifetime of wafers, typically, photoconductance

(PC)-based measurements are performed [34]. In these measurements, the excess carriers
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are generated using a light source, and the change in the conductance due to the excitation
Is measured using an inductive coil. The measured PC is directly correlated to the sum of

the excess majority and minority carriers [35]:
Ao = qw(u,An + pu,Ap) (2.21)

where Ac is the change in conductance, q is the elementary charge, w is the wafer
thickness, and un (up) is the electron (hole) mobility. To calculate the excess minority
carrier density from the change in PC using Eqg. (2.21), the density of the excess majority
and minority carriers are assumed to be equal. Since the mobility of electrons and holes

are injection-dependent, an iterative procedure is performed to calculate An.

Another method for the measurement of the photogenerated carrier density is the
photoluminescence (PL) measurement method [18]. PL is the generated luminescence
due to the radiative recombination (see Section 2.1.1) of excess carriers and it is
proportional to the excess carrier concentration. Thus, the PL signal (SpL) of a sample,
detected with a PL detector, is correlated with the density of excess carriers in the

conduction and valence bands [36]:
Spr, = CpB(np —n}) (2.22)

where CpL is the calibration constant and is equal to the ratio of generated photons in the
sample to the detected photons by the system. For a p-type sample (po > no), assuming
that doping density is much larger than the density of defects, and considering the law of
mass action [29]:

SPL = CPLBAn(pO + An) (223)

The calibration constant Cp. depends on the sample as well as the detection system,
thus this value should be calculated for each sample separately. This is done by inserting
the An value measured from PC-based measurement to Eq. (2.23). Since all the other
parameters are known, CpL can be determined. The range of An chosen for this purpose
is the high injection range to minimize the possible impact of traps on the extracted An
from PC-based measurement. This impact will be discussed in more detail in Section 2.3.

Knowing the value for Cp, the minority carrier density can be calculated:
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(CPLB)AnZ + (CPLBpo)An - SPL == 0 (224)
—Cp; Bpg ++/(Cp; Bpg)? + 4Cp; B(S
An = pLDDo _\/( pLBDo) p.B(SpL) (2.25)
2CpBpy

Since all the parameters in this equation are positive, only one (the positive) solution for

An is the correct value at each Spy.

The PC- and PL-based lifetime measurements can be done in three conditions:
(i) steady-state (SS); (ii) quasi-steady-state (QSS); and (iii) transient. In the first
condition, constant illumination is used for the generation of carriers. However, this
method is not used widely, as prolonged illumination results in heating the sample.
Moreover, with SS excitation, performing an injection-dependent measurement is time-
consuming as the illumination intensity should be modified several times to generate
different injection levels. In the other two methods, a decaying excitation source is used.
Thus, the PC is measured as the illumination decays, meaning that the injection-
dependent measurement is done in one step (all the injection levels are swept with one

measurement).

In the SS condition, the change in the excess electron concentration is zero, thus Eq.
(2.20) becomes:

An

Topr = (2.26)

In the case that a decaying light is used for the excitation, if G > dAn/dt, Eq. (2.26)
can still be used. In this case, the lifetime of the sample is much smaller than the decay
time constant of the illumination source. This case is referred to as the QSS condition
[37]. For this measurement, a light source with a large decay time constant is used for
excitation. To determine the generation rate and in turn, the lifetime under the QSS

condition, a calibrated photodiode or solar cell can be used [37].

On the other hand, if the lifetime of the sample is much larger than the decay rate of

the illumination source, Eg. (2.20) can be simplified to:
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An
Teff = " dan (2.27)
S dt

Therefore no information regarding the generation rate is needed to calculate the lifetime.
This condition is denoted as the transient condition [38].

2.2 Temperature- and injection-dependent lifetime spectroscopy

To extract the parameters of recombination-active SRH defects, TIDLS measurement
can be used [39]. The extracted parameters are Ei, 7o (Or 7po), and k. However, the
extracted energy level is typically reported with respect to the intrinsic energy level (Ei).
In other words, the reported value for the energy level is E: — Ei. In this thesis, a method
based on defect parameter solution surface (DPSS) curves is used to extract the defect
parameters from TIDLS measurements [40]. The principles of this method are discussed

below using simulated temperature- and injection-dependent zsgz Curves.

The injection-dependent zsgx curve of an SRH defect with E; — Ei = —0.32 eV, k = 50,
Ni=1x10%cm™, and on=1x 10 cm? at T=25°C is simulated using Eq. (2.13)
(with added random noise) and presented in Fig. 2.3 (a). Using Eqg. (2.13) as the fitting
equation, for each E; in the bandgap range, the zno and k that can fit the lifetime curve with
the lowest fitting residual are extracted. The fitting residual is calculated by:

Fitting residual = \/Z <F(An) _ M(An)) /N (2.28)

M(An)

where F(An) and M(An) are fitted and measured (simulated in this case) lifetime values
at each An, and N is the number of data points.

By sweeping the whole bandgap range, the o and k solutions at each E; are extracted
and shown in Fig. 2.3 (c) and Fig. 2.3 (d), respectively. These two curves are named zno-
DPSS and k-DPSS curves for the presented lifetime. The fitting residual for each [Et, zno,
k] combination is shown in Fig. 2.3 (b). The fitting residual shows that in a range of E;,
infinite pairs of zno and k values can fit the lifetime curve identically. The corresponding
lifetime curves for two points (I and Il) are presented as an example. Both these points
generate identical lifetime curves with identical fits to the simulated data. This means that
both sets of [Et, o, K] are possible parameters for a defect that generates this lifetime
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curve. Thus, a single set of parameters can not be extracted from one injection-dependent
lifetime curve.
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Fig. 2.3. (a) Simulated lifetime (blue dots) of a p-type wafer with Na = 1 x 10% cm™ at 25 °C with an SRH defect with
Et—Ei=-0.32eV,k=50,Nt =1 x 10 cm=3,and on = 1 x 10716 cm?. The solid black and dashed red lines are the SRH
lifetime curves for a defect with parameters indicated by symbols “I”” and “11”” in (c) and (d). (b) The fitting residual for
the fitted lifetime, generated from defect parameter combinations in (c) and (d). (c) The z0-DPSS; and (d) k-DPSS
curves for the simulated lifetime.

One method to address this problem is to measure the lifetime curve at various
temperatures and generate a DPSS curve for each temperature. In Fig. 2.4 (a), the
simulated lifetime curves for the same defect at 25 °C to 100 °C (25 °C temperature
intervals) and their corresponding fit are shown. A 7,0-DPSS [see Fig. 2.4 (b)] and k-
DPSS [see Fig. 2.4 (c)] curve is generated for each temperature. These DPSS curves
almost coincide at two E: values, one below and one above E;. By generating the standard
deviation of DPSS curves at each Et, these two points can be extracted. This is done for
k-DPSS curves and is shown in Fig. 2.4 (d). One of these two points is the correct solution
for the investigated defect while the other solution is invalid. Two E; values are found
(one at each bandgap half) because of the symmetrical nature of the SRH equation around

the E:. It should be noted that only E: and k are unique defect parameters since wno is
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affected by the defect density, meaning that it can change between samples with similar
defects but different defect densities.
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Fig. 2.4. (a) Simulated lifetime of a p-type wafer with Na = 1 x 106 cm™2 at 25 °C to 100 °C temperature range (25 °C
temperature intervals) with an SRH defect with E; — Ei = —0.32 eV, k =50, Nt = 1 x 1013 cm™3, and on = 1 x 1076 cm?.
The solid lines are the SRH lifetime fits. (b) The mo-DPSS; and (c) k-DPSS curves for the simulated lifetime as well
as; (d) the standard deviation of k-DPSS curves at each E:.

Typically, the intersection of the DPSS curves generated from experimental data is
diffused. One reason for this phenomenon is the presence of noise in the measured
lifetime curves. Another possible reason is the temperature-dependence of capture cross-
sections which can lead to the change of k with temperature. Thus, the actual k at each
temperature is different. One method to overcome this problem is to measure different
samples with the same defect but with different doping densities at the same temperature
[41]. This method is called doping- and injection-dependent lifetime spectroscopy (Ndop-
IDLS). Similar to the TIDLS measurement, by generating DPSS curves for each doping
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concentration, the E¢ and k of the defect are found. However, since samples with different
doping concentrations are not always available, TIDLS measurement is a more viable

option for the extraction of defect parameters.

While the fitting of lifetime curves with Eq. (2.13) is possible, doing that for numerous
energy levels in the bandgap is quite time-consuming, even with current computation
power. A method to simplify the fitting procedure is to linearize the lifetime curves by
substituting An with the variable X (X = n/p ) as the x-axis, and fit the linearized lifetime
curves with a linear function in the form of [42]:

TpoN1  TpoP Tpo™1  TnoP1

+ + X (10 —
Po Po po Po Po

Tsru = [Tno +

)] (2.29)

Thus, the SRH equation becomes a linear function, with the slope and intercept being
a function of defect parameters. This linearization is done for the simulated lifetime data
in Fig. 2.5 (a) and shown in Fig. 2.5 (b). It should be mentioned that besides changing the
x-axis from An to X, the y-axis should also be presented in a linear form, in order to have
a linear shape for the lifetime curve. Considering the linearized lifetime curve, it is now
clear why defect parameters can not be extracted using a single lifetime curve. From each
linearized lifetime curve, two parameters can be extracted (slope and intercept) while the

SRH equation has three unknowns (E, K, 7.0).
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Fig. 2.5. Simulated lifetime (blue dots) of a p-type wafer with Na =1 x 10% cm™ at 25 °C with an SRH defect with
Et— Ei=-0.32 eV, k=50, Nt =102 cm3, and on = 1 x 10726 cm? in the (a) standard; and (b) linearized form. The solid
lines are the fits to the lifetime curves.

Another benefit of this linearization method is to differentiate between the lifetime
curves of one single-level defect and multiple single-level defects (or a defect with
multiple energy levels) [42]. In Fig. 2.6, the lifetime curves for two defects, as well as the
combined lifetime of these defects, are presented. In the lifetime-An (standard) form of
representation [see Fig. 2.6 (a)], it is not possible to discuss the number of defects
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affecting the overall lifetime curve. However, in the linearized form [see Fig. 2.6 (b)], the
non-linearity of the total lifetime suggests that this behavior can not be explained with

one single-level defect.
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Fig. 2.6. Simulated lifetime of a p-type wafer with Na=1x 10%cm™ at 25°C with two SRH defects with
Et— Ei=-0.32 eV and k = 50 (blue) and E; — Ei = 0.38 eV and k = 15 (red) with N = 103 cm™3, and on = 10716 cm? and
the combined lifetime (green) in the (a) standard; and (b) linearized form. The solid lines are the fits to the lifetime
curves.

Until now, it is assumed that one defect is present in the sample and the zsrn for this
defect is available for DPSS analysis. However, the measured lifetime is the zett which is
impacted by all of the recombination channels at the surface or in the bulk. Regarding the
extraction of zsrr from zesr, two cases are possible:

1. The effective lifetime is dominated by the zsrn. In this case, zeff = zsrn Which means
that zerf can be used directly for DPSS analysis.

2. Having two identical samples, one with the defect and one without the defect. By
determining the harmonic difference of the measured lifetime from these two samples,

the zsru can be isolated:

1 1 1 1
= + + (2.30)
Teff(without_defect) Tsurface Tintrinsic ~ Tother
1 1 1 1 1 (2.31)
= + + +

Teff(with_defect) Tsurface Tintrinsic  TSRH  Tother

where Teffwithout-defect) (Zeffwith_defecty) 1S the effective lifetime in the sample without-
defect (with-defect) and zotner IS the lifetime related to all other factors. It should be
noted that the effect of all the other defects (except for the SRH defect being
investigated) is considered in the tomer term. For defects that are formed with
processing steps like light-soaking, this harmonic difference can be calculated from

the same sample by measuring the lifetime before and after the defect formation. In

35



Chapter 2

this method, it is assumed that the other lifetime terms are the same in both samples

or after the processing step.

In Chapter 5, based on the method described above, the TIDLS measurement method
is used to investigate defects generated after light soaking of Ga-doped Cz wafers. For
this purpose, PC-based lifetime measurement was used to extract the lifetime. However,
PC-based measurement is not viable for the measurement of metalized cells, meaning that
there are limitations to performing TIDLS measurement on complete solar cells. In
Chapter 6, a method based on the Suns-Voc measurement method is introduced to

overcome this barrier and to extract the defect parameters directly from solar cells.

2.3 Minority carrier traps

Traps are defect centers that cause an artificially high PC signal in silicon wafers [43,
44]. Thus, traps can lead to artificially high lifetimes especially at low and medium
injection levels when using PC-based lifetime measurements [45]. Traps are defects that
are much more likely to capture minority carriers compared with majority carriers. These
captured minority carriers are either: (1) emitted and re-captured several times until
recombined with majority carriers (fast traps); (2) emitted and then recombined with
majority carriers (slow traps); or (3) in limited cases, directly recombined through the
trapping centers. Thus, the recombination is limited while the minority carriers are

trapped and not available for recombination.

The artificial increase in lifetime due to traps can therefore be explained as excess
majority carriers which are misinterpreted as excess minority carriers when the minority
carriers are trapped [45]. It was mentioned in Section 2.1.5 that for the measurement of
excess carrier concentration using the PC-based method, it is assumed that An = Ap.
However, in a sample impacted by trapping, the excess majority carrier concentration is
equal to the sum of the excess minority carriers and the excess trapped minority carriers.

Hence, the PC can be written as (for a p-type sample):
Ao = qwAn(uy, + up) + qwihAn.u, (2.32)

where Ant is the change in the density of trapped carriers due to the excitation. When
affected by traps, the calculated excess carrier density is different from the actual excess
carrier density and is termed as the apparent excess carrier density (Anapp). It can be

expressed using Eq. (2.21) assuming that Anapp = An = Ap:
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Angy, = __f7 (2.33)
qw (pn + tip)
Combining Eqgs. (2.32) and (2.33), Anapp can be calculated as:
Angy, = An + ot An; (2.34)
Un + Uy

When An; in Eq. (2.34) becomes comparable with An (commonly at low injection
levels), the effect of traps on Anapp becomes prominent and it leads to an overestimation
of the actual An. It is for this reason that the high-injection range is chosen for the

extraction of Cpi, as in this range, for a sample impacted by traps, An = Anapp.

As mentioned before, traps are often divided into two types, slow traps and fast traps.
Fast traps are defect centers with minority carrier capture rates faster than the total
recombination rate in the wafers. In fast traps, multiple captures and emissions of carriers
occur until the carriers are recombined [43, 45]. A schematic of these traps in a p-type
sample is shown in Fig. 2.7. Immediately after the flash cut-off, most of the excess carriers
recombine through recombination-active defects with an energy level denoted with E;,
while some of the excess carriers have interaction with traps with an energy level denoted
with Et [see Fig. 2.7 (a)]. As stated, these carriers are emitted and re-captured several
times until they are recombined through the recombination-active defects [see Fig. 2.7
(b)]. 1tis also possible to have direct recombination through trapping centers by capturing
holes in the traps, shown with a red dashed arrow. However, this is considered negligible
in many cases [45] and the rate of these processes is much smaller than the recombination
rate. Thus, the free majority carriers are not recombined for an extended period of time

and are misinterpreted as minority carriers.
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Fig. 2.7. Schematic of a fast trap in a p-type sample: (a) immediately after the flash cut-off; and (b) when most of the
excess minority carriers are recombined.
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On the other hand, slow traps are defect centers with negligible carrier re-capture and
an emission rate slower than the total recombination rate [46]. A schematic of these traps
for a p-type sample is shown in Fig. 2.8. Immediately after the flash cut-off, most of the
carriers are recombined while some of the carriers are trapped in slow traps [see Fig. 2.8
(@)]. Filling of the traps occurs during the excitation, thus traps are already filled when
the flash is turned off. The trapped carriers are then emitted at a rate much lower than the
recombination rate, and these carriers are recombined through recombination channels
such as recombination-active defects [46, 47]. Similar to fast traps, direct recombination

through slow traps is possible but it is a less probable recombination path.
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Fig. 2.8. Schematic of a slow trap in a p-type sample: (a) immediately after the flash cut-off; and (b) when most of the
excess minority carriers are recombined.

Considering these descriptions, another difference between fast and slow traps
becomes clear. In general, the probability of carrier re-capture increases as the number of
empty traps increases. Since slow traps have negligible minority carrier re-capture, the
rate that traps are emptied does not depend on the number of traps that are empty [46].
On the other hand, for the fast traps with a high probability of carrier re-capture, this
means that re-capture probability increases with time after excitation (as more traps are
emptied) [43]. Moreover, for a sample with a fast trap, since defects and traps are
competing for the capture of minority carriers from the conduction band (in the case of
p-type samples), changing the lifetime should cause a change in the rate that fast traps are
emptied [44]. These two points will be used in the following chapters to identify the

nature of observed traps.

For the investigation of traps in this thesis, PCD measurement is performed. To
generate the lifetime curves, the change in the PC data is measured for several
milliseconds after the flash. However, the PC measurement can be done for an extended

period (several hundred seconds). In this time regime, the phenomena with a time
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constant significantly larger than the lifetime dominate the PC. This measurement is
referred to as the PCD measurement. The PCD measurement of a sample impacted by
traps is shown in Fig. 2.9. The acquired data just after the flash (region “I”’) is dominated
by the recombination channels, thus, it is used to generate the lifetime curves and study
the recombination-active defects. On the other hand, the prolonged PCD region (“II”) is
dominated by the de-trapping rate of the traps, which mainly depends on the trap
parameters as well as the temperature and doping. Thus, this region can be used for trap

studies.
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Fig. 2.9. PCD curve of a sample impacted by traps. The marked regions are the region used for the investigation of
recombination-active defects (“I"’) and the region used for the investigation of traps (“II”).

Aside from their impact on PC-based lifetime measurements, the physical origin of
the traps can be of importance when investigating the electrical properties of silicon
wafers. In Chapter 3, the possible connection between traps and defects in B-doped Cz
silicon wafers is investigated. In Chapter 4, the traps in B-doped mc-Si wafers and their
changes after various processing steps are studied, while in Chapter 5, traps in Ga-doped

Cz wafers are investigated.

2.4 Light-induced degradation

LID is the reduction in the lifetime (degradation) of silicon wafers due to incident
light. In this section, LID in three types of silicon wafers is reviewed. First, LID in B-
doped Cz wafers is discussed. Then, light- and elevated temperature-induced degradation
(LeTID) in mc-Si wafers is reviewed. Finally, literature regarding the investigation of
LID in Ga- and In-doped Cz wafers is surveyed, suggesting that a decisive conclusion
regarding the presence of LID in these wafers is not present.
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2.4.1 LID in B-doped Cz silicon wafers

LID of solar cells fabricated using B-doped Cz-grown silicon wafers was first
observed in 1973, showing a 3-5% absolute reduction in efficiency after illumination for
12 hours [48]. Since the degradation is linked to the simultaneous presence of B and
oxygen (O) in the wafers, it is frequently called BO degradation [49, 50]. Studies of the
minority carrier lifetime of uncompensated wafers with various boron concentrations
([B]) and interstitial oxygen concentrations ([Oi]) have shown that the inferred
concentration of the BO defect, which is responsible for LID, has a linear dependency on
the [B] and a quadratic dependency on the [Oi] [51, 52]. It was found that LID in B-doped
float zone (FZ) silicon wafers is negligible unless they are implanted with O [53].

It has been argued that the complex causing BO-related degradation has three states:
degraded state, annealed state, and stabilized state [52, 54]. A schematic of these three
states is shown in Fig. 2.10. The degraded state is reached via minority carrier injection
resulting from exposure to light or from a forward bias current in a solar cell’s p-n
junction for several hours [55-57]. After this carrier injection, the bulk lifetime is reduced
due to the transformation of the BO defect “precursor” to the recombination-active BO
defect [58]. The annealed state can be reached by dark annealing (DA) at elevated
temperatures (typically around 200 °C) for several minutes. In this state, the
recombination-active defects transform back to the precursor form of the BO complex
which is non-recombination-active and does not affect the lifetime. However, this state is
not stable and minority carrier injection reduces the lifetime again [59]. The stabilized
state can be reached via carrier injection at elevated temperatures (around 200 °C) [54,
60]. At this state, the wafer is no longer prone to degradation under typical solar cell
operating conditions. Nevertheless, this state is also metastable and can be transformed
into the annealed state by a long DA at high temperatures (~ 200 °C) [60, 61].

Only a few studies directly investigated the precursor of the defect causing LID. In a
recent study, a precursor of the recombination-active BO defect has been observed in
boron-doped Cz silicon samples by means of deep level transient spectroscopy (DLTS)
[62, 63]. A hole emission signal due to the BO defect in the annealed state was detected.
The signal disappeared from the DLTS spectra after the degradation process [62]. It was
argued by the authors that a trap is acting as a precursor for the recombination-active BO

defect. Furthermore, it has been suggested that in the degraded state, the enhanced
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recombination occurs due to a shallow acceptor defect level through a trap-assisted Auger
recombination process [63]. A PC-based measurement for the investigation of defects in
their non-recombination-active state is introduced in Chapter 3. With this method, the

precursor of BO-related defects is further investigated.
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Fig. 2.10. Schematic of the BO-related defect states.

2.4.2 LeTID in p-type mc-Si wafers

LeTID in p-type mc-Si cells was first reported by Ramspeck et al. observing the
degradation of cells at 75 °C under illumination [64]. It has been shown that this
degradation can cause up to a 16% relative reduction in solar cell efficiency [65]. It was
also shown that this degradation has a rate much smaller than LID degradation in B-doped
Cz wafers [64]. This degradation was observed in Ga-doped mc-Si cells, suggesting that
a BO-related defect is not the cause of the observed degradation [64]. It is also known
that oxygen concentration in mc-Si wafers is much lower compared with Cz wafers [66,
67], further suggesting that the nature of LeTID-related and LID-related defects are
different.

Several studies have been done to pinpoint the source of LeTID in mc-Si wafers. It
has been suggested that a bulk (and not surface) defect is the cause of LeTID [68, 69].
Furthermore, it has been shown that firing is the key processing step for the observation
of LeTID in cells and wafers [70]. Besides firing, the presence of a hydrogen-rich
dielectric layer on the surface, such as hydrogenated silicon nitride (SiNx:H) during the
firing step is also crucial for the observation of this defect [69] and that the extent of
degradation is correlated with hydrogen concentration [69, 71]. Thus, it can be suggested
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that while hydrogen is necessary for the formation of this defect, the firing process is
needed to diffuse the hydrogen from the dielectric layer to the bulk. To demonstrate this,
the evolution of the lifetime of a fired and unfired p-type mc-Si sample as a function of
light soaking duration at 0.5 suns and 120 °C is shown in Fig. 2.11 [72].
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Fig. 2.11. Evolution of lifetime as a function of light-soaking duration at 0.5 suns and 120 °C for fired and unfired p-
type mc-Si samples.[72].

It is suggested that the LeTID-related defects have three states [73]. These states are
named annealed, degraded, and regenerated states [74]. From the annealed state, by
carrier injection at high temperatures, the defects are formed and the lifetime of the
sample is dropped, reaching the degraded state. With further illumination at high
temperature, the lifetime is recovered, reaching the regenerated state. In the first transition
(annealed state to degraded state), regeneration also occurs in parallel with degradation.
Further high-temperature illumination after full regeneration does not lead to any more
degradation, suggesting that the sample is no longer prone to LeTID. However, this state
is metastable and with annealing at 200 °C for 10 min, the defect returns to the annealed
state and is again susceptible to LeTID [74]. A four-state kinetic model was also
suggested for LeTID-related defects [75]. It has been shown that the extent of LeTID
decreases rapidly after consecutive LeTID-DA cycles, suggesting that defects are
passivated permanently with prolonged illumination and defect precursors are released
from a reservoir state with DA [75]. The schematic of this four-state model is presented

in Fig. 2.12 [75].
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Fig. 2.12. Schematic of the four-state model for the LeTID-related defect states [75].

In Chapter 4, the change in traps after LeTID-related processing steps (firing, high-
temperature illumination, and DA) is investigated and the possible connection between
traps and LeTID-related defects is studied.

2.4.3 LID in Ga- and In-doped Cz silicon wafers

As discussed in Section 2.4.1, LID in Cz silicon wafers is due to the simultaneous
presence of B and O in the bulk of the wafer. Thus, one of the possible solutions to prevent
the negative impact of LID on cell efficiencies is to substitute boron with other dopants
from Group 111, such as aluminum (Al), Ga, or In. The strong recombination activity of
the Al-O pair in Cz silicon makes Al a less viable option [76]. However, both Ga and In
have been investigated as dopants to produce industrial p-type silicon [77, 78]. Ga has a
segregation coefficient of 8 x 1073 and ionization energy of 0.065 eV, while the values
for In are 4 x10™* and 0.156 eV, respectively [79, 80]. Since a higher segregation
coefficient leads to a better uniformity of doping throughout the ingot and as lower
ionization energy results in a lower resistivity at the operating temperatures, Ga is
preferred over In. Hence, the industry has shifted towards Ga-doped wafers as the best-

available solution to solve the LID problem [81].
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Previous studies regarding LID in Ga-doped Cz wafers are not conclusive. Some
investigations have suggested negligible or no LID in Ga-doped wafers [78, 82].
However, other studies reported degradation after light soaking [83, 84]. It is suggested
that the extent of LID in Ga-doped wafers is lower than in B-doped wafers and occurs
over longer time scales [83]. It is shown that the firing step is essential to observe LID in
Ga-doped silicon wafers [85]. Furthermore, it has been shown that LID behavior depends
on the injection level during illumination [86]. While under 1-sun illumination at 75 °C
no significant degradation was observed, under 0.1-sun illumination at the same

temperature the samples were degraded [86].

The conclusions regarding the presence of LID in In-doped Cz silicon are also
divided. Some studies reported LID in In-doped wafers [87], while in others, no
degradation has been observed under light soaking [88]. In Chapter 5, LID in Ga- and In-
doped Cz wafers will be discussed, with Ga-doped wafers being the primary focus for its

greater commercial potential.

2.5 Chapter summary

In this chapter, the basic concepts of recombination mechanisms and lifetime were
presented. A method for defect characterization, based on TIDLS measurements and the
generation of DPSS curves was discussed. It was shown that measurements at various
temperatures are needed in order to extract the parameters of lifetime-limiting defects.
This method is utilized in Chapter 5 to investigate the LID-related defects in Ga-doped
Cz wafers. An extension of this method (based on Suns-Voc measurement) for the

extraction of defect parameters from metalized solar cells is discussed in Chapter 6.

The impact of traps on PC-based measurements was discussed and the two types of
traps were briefly introduced. The investigation of traps in B-doped Cz, B-doped mc-Si,

and Ga-doped Cz wafers is presented in Chapter 3, Chapter 4, and Chapter 5.

Finally, a brief review of LID in B-doped Cz, LeTID in p-type mc-Si, and LID in Ga-
and In-doped Cz wafers was presented in preparation for further discussion in the

following chapters.
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Chapter 3

Investigation of Traps in Boron-Doped Czochralski Silicon?

Traps are a source of artificially high lifetime values at low injection levels when
using PC-based lifetime measurement methods. Although both traps and lifetime limiting
defects are present in the bulk of silicon wafers, investigations regarding the possible

connection between them have only been done in very few studies.

In this chapter, a method based on PCD measurements is introduced to investigate the
traps acting as the precursor of BO-related defects. In Section 3.1, previous findings
regarding traps in B-doped Cz wafers are reviewed. In Section 3.2, details regarding the
measurement and analysis methods are presented. In Section 3.3, the findings regarding
the BO-related traps are presented and discussed. First, the trapping effect in B-doped Cz
silicon wafers in the annealed and degraded states is investigated using PCD
measurements. Then, the change in the trap density and the density of BO-related defects
after various degradation extents are compared. Finally, doping- and temperature-

dependent measurements are done to further investigate the trap.

3.1 Traps in B-doped Cz silicon

Hornbeck and Haynes investigated traps in p-type B-doped Cz silicon wafers using
the PCD measurement method [43]. Two types of traps were detected, one leading to a

relatively small PCD time constant (milliseconds) and the other leading to a large (tens
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of seconds) time constant. In a study by Schmidt et al., lifetime measurements were used
to study traps in B- and Ga-doped Cz silicon wafers [89]. The authors found a correlation
between the trap density and [Oi] and suggested that this trap might be correlated with
oxygen-related thermal double donors (TDDs). Furthermore, it has been argued that the
origin of the trapping centers in their study is probably not identical to the LID-related
recombination centers [89]. In a recent study, a precursor of the recombination-active
BO-related defects has been observed in B-doped Cz silicon samples by means of DLTS
[62, 63]. A hole emission signal due to the BO-related defects in the annealed state was
detected. The signal disappeared from the DLTS spectra after the degradation process
[62]. 1t was argued by the authors, that a minority carrier trap is acting as a precursor for
the recombination-active BO-related defect [63]. Furthermore, it has been suggested that
this BO-related defect is a shallow acceptor defect level with a trap-assisted Auger
recombination process [63]. In the following sections, using the PCD measurement
method, the presence of traps in B-doped Cz wafers that act as the precursors of the BO-

related defects is investigated.

3.2 Materials and methods

Three sets of B-doped Cz silicon wafers with resistivities of 1.30£0.05 Q-cm (Set 1),
0.70£0.02 Q-cm (Set 2), and 2.01+0.05 Q-cm (Set 3) are used in this chapter. All wafers
were gettered using phosphorous (P)-diffusion process at 840 °C for 45 min, followed by
removal of the diffused layer using a hydrofluoric acid (HF)-nitric acid (HNO3) solution
with a volumetric ratio of 1:10. Samples were then subjected to rapid thermal annealing
(peak temperature of 800 °C for 10 sec with a heating rate of 50 °C/sec) to remove TDDs
[47]. The [Oi] was then measured using Fourier transform infrared spectroscopy (FTIR)
measurement based on the ASTM standard (designations “F1188” and “F1391”’) which
was modified by A. K. Sgiland for thin silicon wafers [90, 91]. The [Oi] was measured to
be 7 x 107 cm™2 for wafers from Sets 1 and 3 and 8 x 10" cm™3 for wafers from Set 2.
Samples were then passivated with a 10 nm aluminum oxide (AlOx) layer using atomic
layer deposition (ALD) and capped with a 75 nm silicon nitride (SiNx) layer (refractive
index of 2.08 at 632 nm) deposited using plasma-enhanced chemical vapor deposition
(PECVD) [92]. Annealing at 400 °C for 30 min was done after AlOx deposition (before
SiNx deposition) to activate the surface passivation. The selected surface passivation
methods are known to have only a minor impact on the hydrogen content in the bulk [93].

When required, the passivation was etched off using a 5% HF solution.
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For the degradation of the samples, two different methods were selected. Samples
from Sets 2 and 3 and several samples from Set 1 were degraded at 120 °C using 938 nm
laser illumination (96 suns intensity). This method provides a fast degradation rate [94].
The second group of samples from Set 1 were degraded at 60 °C using a set of halogen
lamps with a combined intensity of 1 sun. The degradation extent was monitored using
PC-based lifetime measurements (WCT-120 from Sinton Instruments). To return the
samples to their initial lifetime (annealed state), they were dark annealed at 200 °C for
15 min. Note that the reported temperatures are the actual sample temperatures and not
the set temperatures, determined by direct measurements of a monitor sample using k-
type thermocouples. For this purpose, two wire thermocouples (CHAL-005 OMEGA)
were attached to a sample from the same set (undergone similar processing steps) using

Kapton tape, and the reported temperature is the average of the measured temperatures.

For the PC and PL measurements, a modified system based on WCT-120 lifetime
tester is used. A schematic of this system is shown in Fig. 3.1. Three types of illumination
sources are integrated into this system: a flash, a light emitting diode (LED, 810 nm), and
a Laser (808 nm). The illumination sources used throughout this thesis are the flash and
the LED. The flash is similar to the flash used in WCT-120 system (X5DR flash model
from Quantum instruments). With this flash, two modes of excitation are possible. The
first one is referred to as the QSS flash (TTL mode) which has a decay time constant of
around 2.3 ms. The second mode is denoted as the transient flash (1/64 mode) with a
decay time constant of around 35 ps. The profiles of both illumination conditions are
presented in Fig. 3.2. To measure the photon flux of the flash, a calibrated reference cell
is used, located in the stage. For the LED, the generation profile can be modified based
on the measurement condition. For the measurement of the photon flux of the LED, a
beam splitter is placed in front of the LED and a known portion of the emitted photons is
detected with a reference photodiode. With the flash, it is possible to generate an
illumination intensity of ~ 50 suns while with the LED, the maximum illumination

intensity is ~ 10 suns.

For PC measurements, a long pass filter is used in front of the flash to cut off the low
wavelength region of the flash spectrum. Thus, a more uniform generation profile is
achieved with this filter [95]. However, this filter is not suitable for PL measurements as
it will result in an interference between the excitation signal and the PL signal.

Consequently, for PL measurements, a KG3 filter is used in front of the flash to cut off

48



Materials and methods

the long-wavelength part of the flash. Besides the reference cell, the temperature stage,
PC coil, and PL detector are also located in the stage. The sample is placed on the
temperature stage, on top of the PC coil. A quartz window is placed in the middle of the
lid (on top of the sample) so that the illumination beam reaches the sample. Moreover,
there is a quartz window beneath the sample as well, which allows the emitted PL from

the sample to reach the PL detector.

Stage lid

Sample
PC caoll

PL detector

Fig. 3.1. Schematic of the modified temperature-dependent PC and PL measurement system.

With this system, it is possible to perform PC- and PL-based measurements
simultaneously in the —193 °C to 400 °C temperature range [96, 97]. The heating element
is inside the temperature stage while the liquid nitrogen cooling system is connected to
the temperature stage for sub-room temperature measurements. Due to the thermal
resistivity of the sample, the stage (set) temperature and sample temperature are not
identical. To measure the actual sample temperature, two k-type thermocouples are
attached to a sample similar to the measured sample. Then, the sample temperature is
extracted from the average of both values at each set temperature. It should be noted that
the reported measurement temperatures throughout the thesis are the set temperatures,

while for analysis purposes, the sample temperatures are used.
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Fig. 3.2. Decay profile of the QSS and transient flash modes.
PCD measurements were carried out at 45 °C using this advanced lifetime tester.

Fitting of the PCD curves was done using a mono-exponential decay function in the form

of:

—t

Ao =A- exp( ) (3.1)
Tdecay

where A is the pre-exponential factor and it is proportional (for these samples) to the

number of filled traps after the flash (see Section 3.3.2), and tuecqy is the PCD time

constant.

To improve the signal-to-noise ratio (SNR), 500 PCD measurements were averaged
to generate each PCD graph. Furthermore, the measurement temperature was selected
with the consideration of measurement duration and SNR. For the averaging, sufficient
time between two consecutive excitations is needed to ensure the traps are almost empty
(>98% of unfilled traps are empty) before the next excitation (see Section 3.3.1).
Considering this point, Fig. 3.3 highlights the reason behind the choice of measurement
temperature. The graph presents the PCD curves of a representative sample from Set 1,
measured at 25 °C and 45 °C with similar averaging counts. While the PCD time constant
of the sample at 25 °C is 30.9 sec, it is 15.4 sec at 45 °C. Thus, when conducting the
measurement at 25 °C, double the time is needed to reach the same percentage of empty
traps after the excitation. This means that to have sufficiently empty traps, every
measurement at 25 °C will take twice the time of the measurement at 45 °C. Thus,
considering the high averaging counts, an increase in the measurement temperature

significantly reduces the total measurement duration. However, on the negative side,
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increasing the measurement temperature to higher values results in a reduction in
conductance which in turn leads to lower signal and higher noise in the measurement.
This can be due to a possible decrease in the number of trapped carriers at higher
temperatures or the decrease in mobility with increasing temperature, which both result
in a lower conductivity [98]. The effect of low conductance is partially visible in Fig. 3.3
in the measurement at 45 °C around t=20sec. Thus, with further increases in the
measurement temperature, higher averaging counts are needed to overcome this noise
which leads to an increase in the total measurement duration in comparison to the

measurement at 45 °C. As a result, 45 °C was chosen as the optimal measurement

temperature.
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Fig. 3.3. PCD curves measured at 25 °C and 45 °C of a sample from Set 1. Each PCD curve is generated from an
average of 500 measurements. The dashed lines are mono-exponential fits to the curves.

For excitation, the flash was used in the 1/64 mode, with a decay time constant of
around 35 ps. This flash mode was selected to minimize the possible measurement-
induced degradation, as the flash has a much shorter decay in this mode compared with
the TTL mode. To further confirm the stability of the lifetime during the PCD
measurements, lifetime measurements at 30 °C (using the same system under QSS

conditions) were done before and after each of the PCD measurements.

To monitor the extent of degradation, the normalized defect density (NDD) of the

recombination-active BO-related defect was calculated using:

1 1

1
- ) (3.2)

NDD = (
Tdeg(t) Tpa Tdeg(h) Tpa
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where qeq() IS the effective lifetime after light soaking for t minutes and zpa is the effective
lifetime after DA. The denominator is the harmonic difference between the lifetimes in the
degraded state (light soaking with halogen lamps for eight hours at 60 °C) and the annealed
state. All the values are given at An of 1.1 x 10® cm ™3 (0.1 x Na).

3.3 Results and discussion

3.3.1 Presence of traps in the annealed state

In Fig. 3.4 (), the lifetime curves of a representative sample from Set 1 (at 30 °C) in
the annealed and degraded (with the laser-based process) states are shown. The lifetime
of the sample is measured after a series of processes: DA, degradation, DA, degradation,
and final DA. As expected, the effective lifetime in the annealed state is higher than the
effective lifetime after the degradation process. Cycling the sample between the two states
(annealed and degraded) results in a shift between the two lifetime curves. In Fig. 3.4 (b),
the PCD curves (at 45 °C) for the same sample after each process are presented.
Interestingly, the transformation between the two states strongly matches a change in the
PCD curves. These curves show that the PC signal increases significantly after the
excitation by the flash due to external carrier generation. After this increase, the PC drops
considerably due to carrier recombination (marked as “I”). In the annealed state, this
initial decrease in the PC is followed by a much slower second decay with a time constant
of several seconds (marked as “II”’). However, for samples in the degraded state (where
the BO-related defects are already formed), the initial decay due to carrier recombination
continues until the PC signal returns to its value in the dark, which is within the range of

the noise level of the system (marked as “III”).

A possible cause for such long decays is the depletion region modulation (DRM)
effect [99]. In silicon samples passivated by layers with a fixed charge similar to the bulk,
a depletion region can be formed [100]. With illumination, the thickness of this depletion
region decreases (modulates) due to the photo-generated carriers. After the illumination,
the stored carriers near the depletion region generate an artificially high conductance
which is interpreted as a high lifetime [100]. However, since the investigated samples (p-
type wafers) are passivated with a negatively charged dielectric, the long decays cannot
be explained by DRM [99, 100]. Thus, it appears that this decay is indeed due to the

presence of minority carrier traps in the annealed state. The absence of the long PCD tail
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in the degraded state indicates that the traps that exist in the annealed state are removed
due to degradation. Moreover, as it is shown in Fig. 3.4 (b), this transformation is
reversible. In accordance with the change in lifetime, the traps are formed and annihilated

(reduced to less than 5% of their initial density) during the DA-degradation cycles.

a) o Dark anneal 1 b) o Darkanneal 1|
e Degradation 1 o Degradation 1 10
o Dark anneal 2 ~1072 o Dark anneal 2
e Degradation 2 2 I o Degradation 2
A104 o Dark anneal 3 8 o Dark anneal 3 _
[ c 0]
° v < 10" g
E 3104 3 n e
-
= o \ g
i Agdd g N— s
« ] i
g RN 107
10 o ? .
30°C
10" 10" 10" 10
3 .
Ang,, (cm™) Time (s)

Fig. 3.4. (a) QSSPC lifetime curves measured at 30 °C; and (b) PCD curves measured at 45 °C of a sample from Set 1
cycled between DA and degradation steps.

To verify that the surface passivation quality does not change during the processing
steps (DA and degradation), the lifetime of a p-type FZ sample (which is known to have
a high bulk lifetime) processed identically to Sets 1-3 was measured during laser
illumination-DA cycles (see Fig. 3.5). The changes in the measured lifetime at An of
1 x 10'° cm are below 3%. Considering that the lifetime of this sample is significantly
higher than the samples in Set 1, it is concluded that the surface passivation is stable under
these conditions.
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Fig. 3.5. QSSPC lifetime curves measured at 30 °C of a B-doped FZ sample cycled between DA and degradation steps.
The slow decay of the PCD in the annealed state (Region I1) is linear (on a log scale),
suggesting a mono-exponential decay of the PC signal. It has been shown previously that

fast traps cannot be fitted with a simple exponential function (with a time-independent
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time constant) while slow traps can be fitted with such an equation [43, 46]. Thus, it can
be suggested that this trap is a slow trap. By fitting this section of the curve with Eq. (3.1),
the average decay time constant is determined to be 15.9+0.8 sec at 45 °C for the samples
from Set 1.

As shown in Fig. 3.4 (a), the trapping effect is not observable in the lifetime curves of
this sample, meaning An = Anapp for the range of excess minority carriers shown in this
figure. This can be explained in two ways:

1. The trap density is too small to be detected in the common lifetime measurement
range. Using constant electron and hole mobility values, Anapp is calculated and
displayed on the right y-axis of Fig. 3.4 (b) [101]. An error less than 10% in Angpp due
to the simplification of mobility (constant mobility assumption) is estimated, even at
the highest injection level. As can be seen, the traps are noticeable only for Anapp
below 1 x 101 cm~3, a region where common lifetime measurements suffer from a
high level of noise.

2. Due to the ambient light or short waiting time between consecutive flashes, a
considerable portion of traps is still occupied during the following measurement. For
instance, the lifetime of the investigated samples is obtained by averaging 10
measurements with 15 sec between consecutive flashes. Considering a PCD time
constant of 29 sec at 30 °C (note that the value used in Fig. 3.3 is at 25 °C), almost
60% of the traps are still occupied when the second measurement starts. These
occupied traps will be considered as the dark conductance (background) for the
following measurements and will be removed by subtraction. In Fig. 3.6, a
representation of this effect for a sample from Set 1 measured at 45 °C is shown. As
discussed, after the flash, a sudden drop in PC is observed due to the recombination
through different channels. This is followed by a slow decay which corresponds to
the de-trapping phenomenon. However, when the time between the excitations is only
13 sec, 2.6 x 10'2cm3 apparent carriers are still present and the conductance
generated due to these carriers is considered as the background conductance for the
next measurement. As a result, the impact of traps on lifetime curves will be shifted
to a lower injection range (2.6 x 10'2 cm™3 lower). Thus, for trap investigation, it is
important to wait for a sufficiently long time between flashes so the traps are empty
before the next measurement. To make sure that less than 1% of traps are filled before

the next excitation, for a trap with mono-exponential decay, a time equal to five times
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the PCD time constant should be given between consecutive excitations. It should be
mentioned that this effect is not cumulative, meaning that the number of residual filled
traps after each excitation is constant and the number of filled traps does not increase

with averaging.
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Fig. 3.6. A representation of two consecutive PCD curves measured at 45 °C with 13 sec between excitations of a
sample from Set 1.

Impact of TDDs on the PCD curves

It is important to note that the observed trapping effect (persistent PC signal) is not
related to TDDs as they were removed in all Set 1 wafers via a TDDs annihilation step.
In fact, the removal of TDDs has a significant impact on the decay shape and time
constant of PCD curves. In the samples from Set 3 which were not subjected to the TDDs
removal step, another trap is observed. In Fig. 3.7, the PCD curves in the annealed and
degraded states before TDDs removal of a representative sample from Set 3 are presented.
Before the degradation process, the PCD curve exhibits two slopes (marked as “I” and
“II”’), one presumably related to the BO (“I”) and the other related to the TDDs (“II”).
However, the signal corresponding to the trap with the smaller zdecay is removed after
degradation. Removing TDDs using the previously mentioned process also removes the

second slope, associated with the TDDs.

It is also noted that the time constant of the BO-related trap in the sample with TDDs
is smaller than the value extracted from the same sample without TDDs. In Fig. 3.8 (a),
the PCD curve of a sample from Set 3 before removing TDDs is presented. Fitting the
curve with a two-exponential function (zgecay1 and zdecay2), the extracted time constants are
5.0£0.1 sec and 156+7 sec for the BO-related trap and TDD-related trap, respectively.

However, fitting only the yellow region in this curve, which corresponds to the BO-
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related trap, a time constant of 9.2+0.2 sec is extracted. In Fig. 3.8 (b) the PCD curve of
a sample from the same set, after removing TDDs is presented. The extracted PCD time
constant from this curve is 17.0£0.2 sec, suggesting that the removal of TDDs is crucial

for the correct assessment of the traps. These values are also summarized in Table 3.1.
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Fig. 3.7. PCD curves measured at 45 °C of a sample from Set 3 with TDDs after DA and after degradation.
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Fig. 3.8. PCD curves measured at 45 °C of two samples from Set 3: (a) with TDDs; and (b) without TDDs. The solid
line in (a) is a double-exponential fit. The dashed line in (a) and the solid line in (b) are single-exponential fits.

When fitting the PCD curve in Fig. 3.8 (a) with a double-exponential function, the
lower time constant can be due to the presence of more than two traps before removing
TDDs. In the case of fitting the curve with a single-exponential function, simultaneous
de-trapping of both traps can result in a shorter PCD time constant. Since the PCD (in the
de-trapping region) is a measure of the density of majority carriers in the majority carrier
band, having two de-trapping processes will lead to faster removal of majority carriers.
This, in turn, results in a faster decay of the PC with time. Another important factor in the
reported time constant in this case is the chosen data range for the fitting. This observation

confirms the importance of TDDs removal for accurate measurement of BO-related traps.
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Moreover, this result agrees with the suggestion by Schmidt et al. that the traps detected
in their O-rich Cz silicon wafers can be possibly related to TDDs [89].

Table 3.1. PCD time constants for samples with and without TDDs fitted with single- and double-exponential decay
functions.

Sample Fitting equation Decay time constant (s)
Without TDDs Single-exponential decay 17.0£0.2
Single-exponential decay 9.2+0.2
With TDDs Tdecayl Tdecay?

Double-exponential decay

5.0+0.1 1567

PCD measurements of B-doped FZ and P-doped Cz silicon wafers

As stated, it has been shown that LID in B-doped Cz silicon wafers is connected to
the simultaneous presence of B and O in the samples [48, 49]. Thus, if the observed trap
is correlated with the BO-related defect, it should not be present in B-doped FZ and P-
doped Cz silicon wafers. To check this, two additional sets of wafers were prepared. The
first set is B-doped FZ wafers with a resistivity of 0.28+0.02 Q-cm and [Oi]
<2 x10% cm™3, while the second set is P-doped Cz wafers with a resistivity of
8.2+0.1 Q-cmand [Oi] of 5.4 x 10' cm™3, These wafers have gone through the exact same
processing steps as Sets 1-3 and the measurements are done following the same
procedure. In Fig. 3.9, the PCD curves of representative samples from each set after the
DA process are presented. Similar PCD behavior is observed in both cases. The PC signal
increases after excitation and drops due to carrier recombination. However, unlike the
dark annealed B-doped Cz samples, no apparent slow decay is observable for these two
samples. This result further confirms the connection between BO-related defects and the

measured traps in B-doped Cz samples.
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Fig. 3.9. PCD curves measured at 45 °C of dark annealed samples: (a) B-doped FZ wafers; and (b) P-doped Cz wafers.
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3.3.2 Correlation between trap density and defect density

The change in trap density and the NDD after partial degradation was investigated to
determine whether the trap is related to the recombination-active BO-related defects, or
whether its change during the DA-degradation cycle is coincidental. The defect’s density
Is extracted from the lifetime curve using the NDD metric [Eq. (3.2)]. For the trap, it is
assumed that the normalized trap density (NTD) is proportional to A of Eq. (3.1). As itis
shown in Fig. 3.10, A is extracted by fitting the PCD curve with Eqg. (3.1) and finding the

intercept of the y-axis at t = texcitation (€XCitation time).
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Fig. 3.10. PCD curve measured at 45 °C of a sample from Set 1 after DA. The solid line is a mono-exponential fit to
the curve. The “X” marks the extracted pre-exponent value from the fit.

The assumption that the trap density is proportional to A first needs to be verified. At

injection levels where An; > An:
Ao = qw(,upAnt) (3.3)

Att =0, An; is proportional to A. The pre-exponential factor is a measure of the density
of traps that are filled after excitation. The density of filled traps is a function of the trap
occupancy ratio (f;) and the total number of traps (N:) [102]:

A x Antrap = (ft(Anr T) — fo) N (3.4)

which means that the change in A can either be due to a change in trap density or
occupancy ratio. In this equation, fio is the occupancy ratio in the dark. As indicated in
Eq. (3.4), the occupancy ratio of the traps is a function of An and temperature [102]. Since

all the PCD measurements are done at the same temperature of 45 °C, T is constant.
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However, due to the lower lifetime after degradation, An is reduced, possibly impacting

A. Hence, it is possible that the variation in A is due to changes in An, and not Nk.

It was shown previously that for defects with one or multiple energy levels, the
fraction of each energy level filled with electrons, fi, in the non-equilibrium steady-state
situation can be calculated by [102]:

1
Je= T hnp (35)
kn + P1
The derivative of f; with respect to An is:
dft _ d(fe — fto) _ k*ny + kpo — py (3.6)
dAn dAn (kAn + py + knqy + po + An)? '

The sign of this fraction defines the increasing or decreasing nature of the f; as a function
of An and it depends only on the sign of the numerator. Since this sign is not injection-
dependent, it is concluded that the change of f; with An is monotonic (converging to k/k+1
at high injection levels) for a given trap in each sample. For a minority carrier trap in p-
type wafers, f; increases monotonically. This means that for two excess carrier densities
Ang and Anz < Ang, it can be assumed that fip < fi.

This relation is also presented in Fig. 3.11 which is generated using Eq. (3.5). This
figure presents the change in the occupancy ratio as a function of An at 30 °C for a defect
in a p-type wafer (Na = 10% cm™3) with the energy level at mid-gap and k = 150. When
An is increased, fi increases until it saturates at high injection levels. If it can be
demonstrated that the occupancy ratio has a negligible change at An values higher and
lower than the An in the degraded state, it can be assumed that the measured trap density

is not influenced by the trap occupancy ratio.

To investigate this, PCD measurements of a sample in the annealed state are acquired
in a An range significantly lower than An of the degraded state. This is done using a
neutral density (ND) filter in front of the flash. In Fig. 3.12 (a), the PCD measurements
of a sample in the annealed state with and without the ND filter, along with the
measurement in the degraded state are shown. In Fig. 3.12 (b), the change in Anapp as a

function of time for these three measurements is shown. Since the peak of Anapp is at a
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high injection level and no effect of traps on the lifetime curve can be observed at this
injection level [see Fig. 3.4 (a)], it is assumed that Anapp = An. As can be seen, the ND
filter reduces the maximum An in the annealed sample to a range significantly lower than
An of the fully degraded state. However, even when the filter is used, the traps remain
visible. The determined values for A in the annealed states with and without the ND filter
are almost identical at (2.00+0.05) x 107° and (2.15+0.05) x 107° S, respectively. Thus, it
is shown that the occupancy ratio has only negligible change at the two An values, one
higher and one lower than the An of degraded state. Therefore, it can be assumed that A

Is indeed proportional to the trap density.
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Fig. 3.11. The simulated occupancy ratio as a function of An at 30 °C in a p-type sample with a doping density of
1 x 106 cm™2 for a defect center with Er — Ei = 0 eV and k = 150.
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Fig. 3.12. (a) PCD curves measured at 45 °C of a sample from Set 1 in the annealed state with and without an ND filter
and in the degraded state without an ND filter. (b) The corresponding apparent carrier density in the sample for each
measurement.

After confirming that the pre-exponent is proportional to the trap density, the changes
in trap and defect density after partial degradation can be studied further. For this purpose,
a representative sample from Set 1 was light-soaked with halogen lamps and the change

in lifetime and trap density was monitored after various light soaking durations. The
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choice of degradation method (halogen lamps) is due to the slower rate of degradation
with this method. Thus, the changes in both defect and trap densities can be investigated
with higher resolution of light soaking time intervals. In Fig. 3.13 (a), the change in the
lifetime of the sample after various light soaking times is presented. As expected, the
lifetime decreases with light soaking and this decrease is faster initially. In Fig. 3.13 (b),
the change in the PCD curve of the same sample after the same light soaking durations is
demonstrated. The PCD is fitted up to 480 minutes of light soaking since after this time
the noise in the measurement hinders a correct assessment of NTD. The traps are
annihilated as the BO-related defects are being generated. To further study this

correlation, the rate of both changes is calculated.
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Fig. 3.13. (a) QSSPC lifetime curves measured at 30 °C; and (b) PCD curves measured at 45 °C of a sample from Set
1 sample after various light soaking durations. The solid lines are the mono-exponential fits to the curves and the “X”
marks the extracted pre-exponents from the fits.

In Fig. 3.14, the change in NDD and NTD as a function of light soaking duration is
shown. A clear anticorrelation can be observed between the generation of BO defects and
the annihilation of traps. Both densities demonstrate an exponential dependence on light
soaking time. By simultaneous fitting of the experimental data in Fig. 3.14 with a mono-
exponential function (R?=0.98), a time constant of 5445 min is determined for the
changes of trap density and NDD. This value is in good agreement with the previously
reported value of ~52 min for the generation rate of slow-formed BO defect centers in a
B-doped wafer (1 x 10 cm™ [B] and 7-8 x 10*" cm™ [Oi]) degraded under 0.1 sun
illumination at 60 °C [103]. As it has been shown that the degradation rate is almost
independent of illumination intensity in the range of 0.01-1 sun [104], the values reported
by Bothe et al. [103] can be directly compared with the value determined in this study. It
should be noted that the sum of NDD and NTD was not fixed to unity and the slight
deviations represent the uncertainty associated with the calculations. This result suggests

that the traps act as a precursor for the recombination-active BO defect. This means that
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the trap transforms to a recombination-active defect with light soaking and with DA, the
defect returns to its trapping state. This transformation seems to be repeatable over many
cycles. The obtained results agree with the observations of anticorrelation between the
densities of minority carrier traps and the recombination-active centers measured with
DLTS method in n*-p and Schottky diodes in B-doped Cz silicon crystals [62, 63].
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Fig. 3.14. Trap and defect density of a sample from Set 1 as a function of light soaking duration at 60 °C under 1 sun.
The solid lines are exponential fits to the data.

3.3.3 Doping- and temperature-dependent PCD measurements

Doping- and temperature-dependent measurements are performed to investigate the
physical nature of the trap. A previous study has shown that for a single level trap in a p-
type wafer at low injection level (Na >> An) with negligible minority carrier recapturing,

the relationship between the PCD time constant and trap parameters can be described by

[44]:

1

Taey = 0pVpPo + (opvang + apvppl) (3.7)
where op, on, vp, vn [105], po, N1, p1, Ni [LO6], E, Ej, ks, and T has been defined previously.
If the assumptions for Eq. (3.7) are fulfilled (see discussion below), by having samples
with different resistivities and plotting 1/zgecay VS. vppo curve, op of the trap can be
extracted from the slope [44]. Note that the intercept with the 1/zdecay axis should always
be positive since both the second and third terms are always positive. The three
assumptions needed for the validity of Eq. (3.7) are [44]:
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1. The trap has negligible minority carrier re-capture. In other words, the traps
almost only emit minority carriers (de-trapping), emit majority carriers, and
capture majority carriers (recombination through traps) during the de-trapping.
2. The density of minority carriers is very small during de-trapping (low injection).
3. Itisasingle-level trap.
First assumption

Recapturing rates can be tested by comparing PCD time constants of samples with
different effective lifetimes. In Fig. 3.15, the effective lifetime and PCD of a
representative sample from Set 1 before and after one hour of light soaking are presented.
Although the lifetime at An of 1.1 x 10* cm™ is reduced by more than 50% from its
initial value, zqecay changes by less than 5%. This observation indicates that the duration
the minority carriers are present in the conduction band does not affect zgecay, meaning

that the recapturing of minority carriers is negligible for this trap [44].
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Fig. 3.15. (a) QSSPC lifetime curves measured at 30 °C; and (b) PCD curves measured at 45 °C of a sample from Set
1 before and after light soaking at 60 °C under 1 sun illumination for 60 min.

Another simple method to significantly change the lifetime is to remove the surface
passivation. This was done for a sample from Set 2 and the results are shown in Fig. 3.16.
While the lifetime drops by almost two orders of magnitude after removing the
passivation, the PCD time constant results in a negligible change: 3.86+0.01 sec and
3.84+0.01 sec for samples with and without passivation, respectively. This observation
further confirms the assumption that the recapturing of minority carriers by the traps is
insignificant. This method is more dependable compared with degradation (see Fig. 3.15)
since after partial degradation, the density of traps also reduces which can affect the
minority carrier recapture rate of the traps. By removing the passivation, the density of
traps is expected to stay unchanged while the average time the minority carriers spend in
the conduction band is significantly reduced. The observed negligible carrier recapture
by the traps further confirms that the investigated BO-related trap is indeed a slow trap.
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It should also be noted that the reason that the presence of traps is clear in the lifetime
curve of this sample compared with the samples from Set 1 [see Fig. 3.4 (a)] is the higher
density of filled traps (factor of ~15) in samples from Set 2.
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Fig. 3.16. (a) QSSPC lifetime curves measured at 30 °C; and (b) PCD curves measured at 45 °C of a sample from Set
2 with and without passivation.

Second assumption

Previously it was shown that while PC-based measurements are affected by the traps,
PL-based QSS measurements are not affected by this phenomenon [35]. This knowledge
can be used to investigate the second assumption (low injection) by measuring the real
majority and minority carrier densities during PCD measurements. It was shown in
Chapter 2 that minority carrier density can be measured from the PL measurement. Using
the PC equation and inserting the extracted An from PL, Ap can be calculated:

Ao

q_w - ,unAn (38)

Ap
Hp

It should be noted that up is a function of Ap, thus, an iterative process is needed to extract
Ap. Using this method, the change of Ap and An as a function of time is shown in Fig.

3.17 for a representative sample from Set 1.

While the majority carrier density remains at high levels for > 10 sec, the minority
carrier density returns to its dark value immediately after the flash cut off. This
observation confirms that the region that is dominated by the traps is indeed at a low

injection level (An is very small).
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Fig. 3.17. Minority, majority, and apparent carrier densities as a function of time for a sample from Set 1.

It is also noted that in Fig. 3.17, the calculated excess apparent carrier density is lower
than the excess majority carrier density. This is because the minority carriers are not
participating in generating the conductance, while for the calculation of Anapp, an equal
number of excess majority and minority carriers is assumed. This means that in reality,
more majority carriers are present to compensate for the trapped minority carriers. For p-
type samples, this effect is further amplified due to the difference between the electron
and hole carrier mobilities. For the sample investigated here, at a low injection range, the
mobility of electrons is ~3 times higher than the mobility of holes [101]. This means that
~4 times more majority carriers are needed to generate the same conductance in
comparison with an equal density of excess majority and minority carriers. For n-type

samples, the effect is much smaller but still present.

Until now, the first two assumptions are shown to be valid for the BO-related trap.
The third assumption will be discussed in more detail below.

Checking Equation Validity

Using the data obtained for the three samples, Fig. 3.18 presents 1/zgecay (Measured at
45 °C) as a function of vppo after DA. It also shows the linear function that provides the
best fit (R? = 0.96). The fitted curve has a slope of 8.1 x 1072° cm? and a y-intercept of
-0.06 s L. Despite the low-quality fit, it is clear that the intercept value is negative,
suggesting that Eq. (3.7) is not suitable to describe the trap investigated here. This means
that one of the assumptions is incorrect. As the assumptions of negligible minority carrier

re-capture and low injection level have been confirmed, the fact that Eq. (3.7) cannot
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describe the doping-dependent measurement result indicates that this trap is not a single-

level trap.

45°C

0 1x10%2  2x102® 3x10%® 4x10%
VoPo (cm’zs’1)

Fig. 3.18. Doping dependence of the PCD time constant for three samples with varying resistivities. The solid line is a
linear fit to the data.

To further investigate the validity of Eq. (3.7) and extract the de-trapping activation
energies, measurements at various temperatures were done. The activation energies are

calculated by fitting a double-exponential decay function in the form of:

1 Eal) ( Eaz)
Z=A L R 22
T 1eXp< k) TP\ T T (3.9)

where A; and A, are the pre-exponential factors and Ea1 and Ea2 are the activation
energies. In Fig. 3.19, temperature-dependent measurements of a representative sample
from Set 2 in the 25 °C to 145 °C temperature range are presented. The initial drop in the
PC signal (recombination-related) is removed from the curves. The solid lines are the
fitted mono-exponential functions [see Eq. (3.1)] at each temperature. The same fitting
process has been performed for a sample from Set 1 in the 25 °C to 105 °C temperature

range.

In Fig. 3.20, the Arrhenius plot of the inverse of the PCD time constant for two
representative samples from Sets 1 and 2 is presented. These curves are fitted with a
double-exponential fit based on Eq. (3.9). Each exponential term is shown with a dashed
line, while the total fit is presented with a solid line. Both curves have two slopes in their
Arrhenius plot indicating two activation energies, each dominant in one temperature
range. The temperature range where the change in the slope occurs shifts to lower

temperatures for the sample with higher resistivity. The activation energies extracted for
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the sample with 1.3 Q-cm resistivity are 1.13+0.05 eV and 0.2+0.1 eV, and for the sample
with 0.7 Q-cm resistivity, the activation energies are 1.05+0.01 eV and 0.36+0.01 eV.
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Fig. 3.19. Temperature-dependent PCD curves of a Set 2 sample in the 25 °C to 145 °C temperature range. The solid
lines are mono-exponential fits to the curves.

In Eq. (3.7), the difference between the PCD time constants for samples with different
doping levels is reflected in the first term. Moreover, the other two terms have a stronger
temperature dependency compared with the first term (due to the strong temperature-
dependency of n; and p1). Thus, by increasing the temperature, the effect of the first term
on the PCD time constant becomes less significant. As a result, the time constant of
samples with different doping levels becomes closer at higher temperatures. This
difference in temperature-dependency of terms can also result in having two activation
energies in two ranges of temperatures. These two effects are shown in Fig. 3.21 which
demonstrates a simulated Arrhenius plot for a single-level trap in three different samples
with various doping levels. At lower 1/ksT values, the time constants converge. While
increasing temperature can lead to having more similar PCD time constants, the PCD
time constant of a sample with a lower doping level can never be higher than a sample
with a higher doping level at the same temperature. This is in contrast to the experimental
results presented in Fig. 3.20, further suggesting that Eq. (3.7) does not suitably describe
this trap which in turn shows that the BO-related trap investigated in this chapter has more

than one energy level.
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Fig. 3.20. Temperature dependence of the PCD time constant for two samples with different resistivities from Sets 1
and 2. The solid line shows a fitting with a double-exponential decay function and the dashed lines show each
exponential fit.
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Fig. 3.21. Temperature dependence of the PCD time constant simulated for three samples with different resistivities
for a single-level trap with Er— Ei = —0.25 eV, op = 3 x 10726 cm?, and on = 1 x 107 cm?.

3.4 Chapter summary

In this chapter, minority carrier traps in B-doped Cz silicon wafers were investigated
using PCD measurements. While traps are typically investigated as a source of error in
PC-based lifetime measurements, in this chapter the possible correlation between traps

and recombination-active defects is investigated.

First, the presence of a trap in B-doped Cz silicon wafers was observed. It was shown
that this trap is due to the simultaneous presence of B and O in the wafers. Moreover, it
was shown that the traps are annihilated as the BO-related defects are generated and vice
versa, suggesting that traps are acting as the precursor of BO-related defects. This
suggestion was confirmed by comparing the rate of defect formation and trap annihilation

during degradation.
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To further investigate trap characteristics, doping- and temperature-dependent
measurements were done. The results from doping-dependent measurements suggest that
the observed BO-related traps have more than one energy level. This result was further
confirmed by the temperature-dependent measurements. Moreover, the de-trapping
activation energies were extracted for a wide temperature range, showing that two
temperature regions are governed by different de-trapping activation energies.

Our findings suggest that while lifetime measurements investigate defects in their
recombination-active state, PCD measurements can act as their equivalent to investigate
defects in their non-recombination-active state. In the next chapter, PCD measurement
will be utilized to investigate traps in B-doped mc-Si wafers.
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Chapter 4
Investigation of Traps in Boron-Doped Multicrystalline

Silicon?

It was shown in the previous chapter that the investigation of traps is a useful method
to study the precursor of defects in B-doped Cz silicon wafers. This finding suggests that
while traps are typically considered as an unwanted artifact that hinders a correct lifetime
assessment, they can be of significance to obtain critical information about defects in their

non-active state.

In this chapter, the method developed in Chapter 3 is utilized to investigate traps in
B-doped mc-Si wafers. In Section 4.1, previous findings regarding traps in B-doped mc-
Si wafers are reviewed. In Section 4.2, the details of measurement and analysis methods
(beyond what has been reviewed in previous chapters) are reported, and the findings are
presented and discussed in Section 4.3.

4.1 Traps in B-doped mc-Si

Artificially high lifetimes at low injection levels have been reported in B-doped mc-
Si wafers [107]. This artifact can be correlated with the presence of DRM [99], change in
the charge barrier at the grain boundaries during illumination [108], or the presence of
traps [45, 107]. While DRM occurs in both monocrystalline- and mc-Si wafers, charge
buildup at the grain boundaries is specific to mc-Si. It has been shown previously that

there are space-charge potential barriers for majority carriers at the grain boundaries of

! This chapter is partially based on:

S. Jafari, Y. Zhu, F. E. Rougieux, and Z. Hameiri, in 36™ European Photovoltaic Solar Energy Conference
and Exhibition (EUPVSEC), 2019.

S. Jafari, Y. Zhu, F. E. Rougieux, and Z. Hameiri, in Asia-Pacific Solar Research Conference (APSRC),
2019.

S. Jafari, and Z, Hameiri, “Investigation of minority carrier traps in p-type mc-Si: Effect of firing and laser
annealing”, Sol. Energy Mater. Sol. Cells, vol. 232, pp. 111341, 2021.
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mc-Si wafers [108-110]. Following illumination, the charge barrier reduces, causing an
increase in the majority carrier lateral flow which in turn increases the lateral conductance
108].

Besides the effect of grain boundaries, traps have been investigated as the source of
an artificially high lifetime in B-doped mc-Si wafers at low injection levels [45, 107]. A
study by Macdonald et al. reported that the density of fast traps is correlated with the
dislocation density [45]. Another study suggested that the density of traps in B-doped mc-
Si wafers is correlated with the oxygen concentration and anticorrelated with metallic
impurities [111]. On the contrary, in another study, it has been suggested that the traps in
mc-Si wafers can be related to mobile impurities, as the density of those traps has been

found to be correlated with improvement in lifetime after P-diffusion gettering [112].

The method of fabrication significantly impacts the quality of silicon wafers [69, 113].
One of these processes is firing, which is used to form ohmic contacts between the metal
grid and the silicon [114]. Moreover, the firing process releases hydrogen from the
hydrogen-rich surface passivation layers to passivate bulk defects [115]. However, it has
also been shown that firing is linked to LeTID in mc-Si, Cz, and FZ wafers [69, 116, 117].
To date, only a few studies have investigated the impact of fabrication processes on trap
density [111, 113, 118]. For B-doped mc-Si, it has been shown that hydrogenation

through firing decreases the density of traps while post-firing annealing above 500 °C
recovers them [118]. It is also shown that after gettering, while the density of traps is not
reduced, they are distributed more uniformly throughout the ingot in B-doped mc-Si
wafers [113]. In these studies, the physical reason behind the change in the trap density

was not discussed.

In this chapter, the presence of slow traps in B-doped mc-Si wafers is investigated.
Additionally, the effect of firing, post-firing DA, and laser annealing on the traps is
studied. Then, the possibility of a correlation between traps and LeTID-related defects is
discussed. Finally, PCD measurements on mono-cast silicon wafers of varying

crystallinity are done to investigate the effect that structural defects may have on the traps.

4.2 Materials and methods

A set of sister B-doped mc-Si wafers with a resistivity of 1.68+0.05 Q-cm and

thickness of 180+3 um were used in this study. Wafers were gettered via a P-diffusion
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process at 840 °C for 45 min. The diffused layer was then removed using an HF-HNOs
solution with a volumetric ratio of 1:10. Some of the samples were then passivated with
SiNx using a PECVD system (refractive index of 2.08 at 632 nm) [92]. When required,
the SiNx was etched off using a 5% HF solution. The firing was done using a belt furnace
(SCHMID) with a wafer peak temperature of 815 °C. For laser annealing, the samples
were illuminated with a 932 nm laser at 140 °C (45 kW/m? intensity) [94]. In Fig. 4.1, the
processing and characterization steps for each sample are shown. In this flowchart, the
measurements are presented with blue boxes, the processing steps are marked with green
boxes and each path is labeled from 1 to 11. Path 1 is designed to investigate the possible
correlation between traps and TDDs. Paths 2, 5, 6, 7, and 8 are designed to investigate
the impact of firing and post-firing DA on traps. Path 4 is to investigate the possible
connection between the observed long PCD and DRM effect. Finally, paths 3, 9, 10, and
11 are designed to investigate the impact of laser annealing on traps and to study the
possible connection between traps and LeTID-related defects. The corresponding path for

each figure is stated in the figures’ caption.

PCD and lifetime measurements were done using the customized lifetime tester
introduced in Chapter 3 at 30 °C before firing and —100 °C before and after the firing
process as well as after laser annealing. The reasons behind the selection of the
temperatures will be discussed in more detail below. For the PCD measurements, the flash
was used in the 1/64 mode with a decay time constant of 35 ps. Since the bulk of mc-Si
wafers is quite non-uniform, care was taken to measure the same location (x1 mm
uncertainty) for each sample. To determine the PCD time constants, the PCD curves were
fitted using a double-exponential decay function in the form of:

t t
) + A, - exp <— ) 4.1)
Tdecayl Tdecayz

where A and A; are the pre-exponential factors (correlated with the trap densities), and

Ao = A, - exp <—

Tdecayl and 7decay2 are the PCD time constants. The reason for selecting a double-
exponential function (and not a single-exponential function) will be discussed in more
detail in the next section. Lifetime measurements were performed at 30 °C before and
after each PCD measurement using the same system to ensure that the measurements did
not alter the lifetime. For lifetime measurements, the flash was used in the QSS mode
with a decay time constant of around 2.3 ms. As it was shown in Chapter 3, the transient
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flash has a much shorter decay time constant. For this study, this is beneficial to reduce
the effect of charge barrier reduction (as will be discussed in Section 4.3.1). Moreover,
the very high number of flash exposures during the PCD measurement might lead to the
degradation of the sample through light-induced degradation. Such a short decay time of

the transient flash also minimizes the possible impact of light soaking due to the flash.

“.' mc-ﬁ,‘l wafers (sa\# damage e‘ﬁ-:hed, gett%ed and di‘t.-fusion lay\él-r remove&_') :l i i

EEEREEEEEEEE

1
; o ! Passivation |/ i ] ) |

TDDs removal Firing

PCD: Photoconductance decay measurement
LT: Lifetime measurement 9 10 11
DA: Dark annealing

Fig. 4.1. Processing and experimental design for the investigation of traps in B-doped mc-Si wafers.

As mentioned, most of the PCD measurements were performed at —100 °C. This is
because the temperature has a critical impact on the quality of the PCD measurements. In
Fig. 4.2 (a) and Fig. 4.2 (b), the PCD curves of a sample measured at 30 °C and —100 °C
are presented, respectively. While Fig. 4.2 (a) is generated by averaging 3,500 PCD
measurements over thirty hours, Fig. 4.2 (b) is generated by averaging 470 PCD
measurements over three hours. The SNR in the de-trapping region has been increased
by a factor of ~3 (from 12.1dB to 36.6 dB) when decreasing the measurement
temperature from 30 °C to —100 °C, despite the lower number of averaged measurements
at the lower temperature. As mentioned in Chapter 3, this is likely due to the higher
mobility of carriers at lower temperatures which leads to higher conductivity resulting in
higher signal strength [98]. Moreover, de-trapping is a thermalization process that is faster
at higher temperatures. Hence, at lower temperatures, a higher concentration of traps is

filled at a similar time after the excitation, leading to a higher PC signal. Therefore, in
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this study, the PCD measurements were performed at —100 °C to increase the fitting
quality and to reduce the uncertainty associated with determining the PCD time constants.

It should be mentioned that measurements at low temperatures are not always a viable
option for trap investigations. The conductance before the flash is considered as dark
conductance and is subtracted from the signal. Thus, for averaging PCD measurements,
it is important to make sure that traps are almost empty before the next excitation (see
Section 3.3.1). Since the duration of the low-temperature measurement is limited by the
liquid nitrogen supply, it is challenging to detect traps with very long decay time constants
at low temperatures. For this set of samples, considering the decay time constant of the
second term, the period between consecutive flashes was chosen such that the background

trap occupation was < 2%.
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Fig. 4.2. PCD curves of a sample measured at (a) 30 °C; and (b) —100 °C. The dashed lines are the two terms of the
double-exponential fit, while the solid lines are their sum.

4.3 Results and discussion

4.3.1 Presence of trap-related long PCD time constant

In Fig. 4.3 (a), the PC-based and PL-based lifetime measurements of a representative
sample before firing are presented. The two measurements agree well at high injection.
However, at low injection, the PL-based lifetime decreases while the PC-based
measurement significantly increases. This increase is an artifact that has been explained
by the presence of traps or by the DRM effect [99, 119]. Both have only a negligible
impact on PL-based measurements [35]. Another possible explanation for this
phenomenon in mc-Si wafers is a reduction of the charge barrier in the vicinity of the
grain boundaries due to illumination, which leads to an increase in the lateral flow of
majority carriers [108-110]. However, it has been shown that the barriers return to their

initial state when the illumination intensity is below 1 x 107° suns [109, 110]. Considering
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the maximum illumination intensity (50 suns) and decay time constant of the flash
(~ 35 ps), the illumination intensity of 1 x 10 suns is reached ~ 630 ps after the flash.
As the trapping effect in this study is clearly visible for much longer times, it can be
suggested that the observed effect cannot be solely explained by a change of the charge

barriers at the grain boundaries.
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Fig. 4.3. (2) QSSPC and QSSPL lifetime curves measured at 30 °C; and (b) PCD curve measured at —100 °C of a
sample before firing. The dashed lines are the two terms of the double-exponential fit, while the solid line is their sum.

In Fig. 4.3 (b), the PCD curve of the same sample measured at —100 °C is shown.
There is a significant drop in the measured PC signal following the flash (marked with
“I”) due to carrier recombination via different channels (mainly by recombination-active
defects). This decay is followed by a much slower second decay (marked with “I11”). As
mentioned in Chapter 3, one possible source of such long PCD is the presence of the
DRM effect in the samples [45, 99]. To confirm that the long PCD is not due to the DRM
effect, the PCD of a sample was measured with and without surface passivation. In Fig.
4.4 (a), the lifetime curves of a representative sample, before and after the removal of the
passivation layers are presented. It can be observed that while removing the passivation
significantly reduces the lifetime, an abrupt increase in the lifetime is still clearly visible
at low injection. In Fig. 4.4 (b), the PCD measurements of the same sample with and
without passivation are shown. A similar decay is observed in both cases, indicating that
DRM does not strongly impact the measurements. Hence, it can be suggested that traps,
not DRM, are the source of the long PCD.

In Fig. 4.3 (b), the significant change in the recombination rate of carriers leads to a
difference in the time constants of more than four orders of magnitude between the initial
decay (due to carrier recombination) and the secondary decay (due to the emission of
carriers from the traps). Such a sharp drop in the time constant should result in a sharp

transition between these two decays. However, zooming into the transition between the
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decays with the inset of Fig. 4.3 (b), this cannot be observed. The long decay cannot be
fitted with only one exponential decay equation, suggesting that more than one trap is
affecting the PCD curve in this range. Consequently, the PCD curves are fitted using the
double-exponential decay function shown in Eq. (4.1). These two traps are labeled as
“Trapl” (the trap with the smaller PCD time constant) and “Trap 2” (the trap with the
larger PCD time constant). The time constants for Traps 1 and 2 are determined to be
0.68+0.08 sec (0.14+0.1 sec) and 5.44+0.29 sec (1.87+0.43 sec) at —100 °C (30 °C),
respectively. Since the uncertainty associated with the fitting of Trap 2 is smaller (as the
fitting of the fast decay is strongly impacted by Trap 2 and might also be impacted by the
effect of charge build-up around the grain boundaries [108]), in this study only the trap
with the larger decay time constant is investigated. The long decay and the presence of
traps at illumination intensities well below 1 x 107° suns clearly indicate that barrier
change around grain boundaries is not the only source of trapping in these mc-Si wafers.
Note that both traps can be classified as slow traps since:

1. It has been shown that slow traps can be fitted with a “simple” exponential function,
while fast traps cannot be fitted with such an expression [43, 46]. This means that the
decay rate of slow traps does not change with time. Since in this study, the measured
PCD curves can be fitted with two time-independent constants (zdecayr and zdecay2), it
can be suggested that the investigated traps are slow traps [44].

2. After removing the surface passivation, only a negligible change has been observed
in the PCD time constants of the two traps (< 3.5% for Trap 1 and < 1% for Trap 2),
despite the significant drop of the lifetime illustrated in Fig. 4.4 (a). This further
confirms the negligible re-capture of carriers after emission, meaning that the capture
and emission of carriers only happen once in contrast to multiple capture and
emission of carriers in fast traps. Thus, it can be suggested that both traps are slow
[44].

One possible source of traps in silicon wafers is the presence of TDDs [120]. The
possible connection between traps and TDDs was investigated by measuring the PCD of
a sample before and after the TDDs removal process. In Fig. 4.5, the change in the PCD
curve of an unpassivated sample before and after removing TDDs is shown. This is done
by subjecting the sample to rapid thermal processing (peak sample temperature of 800 °C)
for 10 sec [47]. While the trap density slightly decreases, the PCD tail is still visible after

removing the TDDs. Hence, it can be concluded that the traps are not fully related to
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TDDs. Although the slight change in the trap density (which was also observed after
firing of unpassivated samples) might be due to removing TDDs, it can also be explained
by a change in the impurity distribution after the high-temperature processing [121].
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Fig. 4.4. (a) QSSPC lifetime curves measured at 30 °C; and (b) PCD curves measured at —100 °C of a sample with and
without surface passivation (Path 4).
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Fig. 4.5. PCD curves measured at —100 °C of an unpassivated sample before and after removing TDDs (Path 1).
This is the first report of slow traps with such long decay constants in mc-Si, as
previously observed traps in mc-Si wafers can be classified as fast traps [107, 119] the
properties of fast traps were discussed in (Section 2.3). As this trap is not due to thermal
donors or BO-related traps (as will be shown below), it can be suggested that
crystallographic and/or impurity-related defects are its possible sources. Investigation of

the possible source of traps will be done in more detail in Sections 4.3.4 and 4.3.5.

4.3.2 Effect of firing on traps

In Fig. 4.6 (a), the lifetime measurements of a representative sample before and after
firing (labeled as “AF”) are presented. Before firing, the impact of traps is noticeable at

low injection. As expected, after the firing process the overall lifetime increases, probably
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due to improved passivation of surface and bulk defects by hydrogen released from the
dielectric layer [115]. Interestingly, it seems that firing also has a strong impact on the
trap concentration as it is significantly reduced after the process. This agrees with
previous reports regarding fast-decaying traps in p-type mc-Si wafers, showing a
reduction in their density after firing [113, 118]. However, the trap density is recovered
after several days of storage at room temperature (in the dark), suggesting that the

temporary low trap density is due to a metastable state.

In Fig. 4.6 (b), the lifetime measurements of a second sample before and after firing,
as well as after DA at 100 °C for various durations (labeled as “DA”) are presented. The
same behavior is observed, in this case with a much faster recovery of the trap density.
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Fig. 4.6. QSSPC lifetime curves measured at 30 °C of a sample before firing, after firing, and (a) after storage at room
temperature (Path 8); and (b) after DA at 100 °C for various times (Path 7).

Dekkers et al. reported that in order to recover annihilated traps after firing, annealing
at 580 °C for 30 min is needed [118]. They indicated that the trap density is unaffected
by annealing at a lower temperature (500 °C for 30 min) or without annealing. However,
in this study, a recovery of the trap density even at room temperature is observed. It may
be that Dekkers et al. did not measure the samples for a long enough time after firing and
therefore did not notice a change. It is also noted that they observed a change in the
lifetime at medium injection after annealing at 500 °C [118]. Such a change has not been
observed here. While the trap density significantly changes during DA, the lifetime at
medium and high injection ranges demonstrates only a negligible change. It is possible
that the bulk of the samples from Ref. [118] have been modified during the process,
explaining both the changes in lifetime and not observing a trap recovery after the
annealing process. It is also noted that the study in Ref. [118] was done ~15 years ago.
Considiering the improvements in the wafer production, another possible reason for the
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observed difference can be a difference in the wafer quality between this study and Ref.

[L18].

To investigate the source of the change in trap density after the firing and DA, PCD
measurements were performed on unpassivated and passivated samples. In Fig. 4.7, the
PCD curves of two representative samples, one unpassivated and one passivated,
measured before firing, after firing, and after post-firing DA, are presented. Interestingly,
in the unpassivated sample shown in Fig. 4.7 (a), the density of traps demonstrates only
a small change after firing. Furthermore, after post-firing DA, the trap density seems to
remain constant. On the other hand, for the sample with passivation, the trend is the same
as observed in Fig. 4.6, the trap density drops after firing and recovers after the post-firing
DA. This suggests that the metastable change in trap density is correlated with the
presence of surface passivation on the samples. To further investigate this phenomenon,
the PCD measurements were performed on a sample that have been fired with surface
passivation, but their passivation layer was removed immediately after the firing (denoted
“de-passivated”). In Fig. 4.8, the PCD curves for this sample are presented. Similar to the
passivated sample, the trap density has a significant drop after firing, while it recovers

following the DA process.

To quantify the changes in trap density, the curves were fitted using Eqg. (4.1). In Fig.
4.9, the NTD of passivated, unpassivated, and de-passivated samples after firing and after
post-firing DA is presented. To determine the NTD, the pre-exponential factor of Trap 2,
which is correlated with the trap density, is calculated (see Section 3.3.2). The pre-
exponents are then normalized to their initial (in here, pre-firing) values. After firing, the
NTD of samples with surface passivation is reduced by 69+3%, while for samples without
passivation the reduction is much smaller, in the range of 30£3%. A similar trend as the
passivated samples is observed for the de-passivated samples. Moreover, while the
passivated and de-passivated samples demonstrate a full recovery after DA, the trap
density of the unpassivated samples changes by less than 5%. The results suggest that the
metastable change in the trap density after firing is related to the SiNx dielectric layer.
Hence, it seems that while surface passivation is required during the firing process to
observe this effect, it is not needed for the recovery of the trap density. The small change
in the trap density of the unpassivated sample might be due to a change in impurities, or

the removal of TDDs.
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Fig. 4.7. PCD curves measured at —100 °C of (a) unpassivated (Path 2); and (b) passivated samples before firing, after
firing, and after post-firing DA (Path 6).
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Fig. 4.8. PCD curves measured at —100 °C of a de-passivated sample before firing, after firing, and after post-firing
DA (Path 5).
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Fig. 4.9. NTD of unpassivated (blue), passivated (red), and de-passivated (green) samples after firing, and after post-
firing DA at 100 °C.

A possible explanation for this phenomenon is the interaction between complexes in
the mc-Si wafer and hydrogen released from the surface passivation during firing. Initial
interaction of traps with hydrogen results in passivation of the traps [118]. As a result,

their density is significantly reduced immediately after firing. If the sample is kept in the
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dark after firing, the hydrogen presumably forms a new complex or is detached from the
trap, thus, the traps are re-activated and the long PCD is observed again. Interestingly, the
PCD decay time constant related to Trap 2 after the full recovery is 5.47+0.28 sec at
—100 °C which is similar to the value before firing (5.44+0.29 sec). While this suggests
that the source of both traps might be similar, it is not a definite conclusion, since traps
with different parameters can have similar PCD time constants [44].

4.3.3 Effect of laser annealing on traps

In this section, the impact of laser annealing on the traps is investigated. Laser
annealing is known to affect the lifetime of mc-Si wafers by either generating LeTID-
related defects or passivating defects through hydrogenation [69, 96, 122].

In Fig. 4.10, the change in the lifetime of non-fired and fired samples (after full trap
recovery) before and after laser annealing are shown. Laser annealing is done on both
samples at 140 °C for 120 sec with a laser intensity of 45 kW/m?2. Before laser annealing,
both lifetime measurements are dominated by traps at low injection. However, while the
lifetime of the non-fired sample is not impacted by laser annealing, the lifetime of the
fired sample has a clear reduction after laser annealing, probably due to LeTID [123].
Additionally, the trap density demonstrates a strong decrease after the laser process.
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Fig. 4.10. QSSPC lifetime curves measured at 30 °C of (a) non-fired (Path 3); and (b) fired samples before and after
laser annealing (45 kW/m? intensity) at 140 °C for 120 sec (Path 9).

In Fig. 4.11, the change in lifetime at An = 0.1 x Na and NTD of two representative
samples (fired and non-fired) before and after laser annealing are presented. While the
lifetime of the non-fired sample remains almost constant (change smaller than 4%), the
lifetime of the fired sample reduces by more than 50%. Interestingly, the NTD has the
same trend. There is a significant reduction of almost 80% in the case of the fired sample,

while the trap density of the non-fired sample stays almost the same after laser annealing
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(2% change). One possible explanation for this observation is that the traps act as a
precursor for the LeTID-related defects. Thus, the laser annealing transforms the trap into
a defect causing a decrease in the lifetime. To investigate this hypothesis, the evolution
of trap density and LeTID-related defect density during the duration of the laser annealing

process was measured.
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Fig. 4.11. (a) Lifetime; and (b) NTD of non-fired (blue) and fired (red) passivated samples before and after laser
annealing (45 kW/m? intensity) at 140 °C for 120 sec.

In Fig. 4.12 (a), the change in the lifetime of a representative fired sample at the end
of a full trap recovery and after various laser annealing durations is demonstrated. As
expected, the lifetime decreases gradually with the laser annealing process and reaches
its minimum after 120 sec. In Fig. 4.12 (b), the PCD curves of the sample after the same
laser annealing durations are presented. Unlike the lifetime, the trap density continues to

decrease beyond 120 sec of laser annealing.
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Fig. 4.12. (a) QSSPC lifetime curves measured at 30 °C; and (b) PCD curves measured at —100 °C of a sample after
various laser annealing durations (Path 9).

By extracting the NDD and NTD from lifetime and PCD measurements, the rates of
defect formation and trap annihilation with laser annealing are investigated. In Fig. 4.13
(@), the change in NTD and NDD of the sample is demonstrated. As mentioned, from

0 sec until 120 sec of laser annealing, the NTD reduces while the NDD increases,
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demonstrating a clear anticorrelation. However, past 120 sec, the NDD reduces while the
NTD further decreases and then stays almost constant. Fitting the NTD with a mono-
exponential decay function, a time constant of 72.7+5.3 sec is extracted. The NDD curve
can be fitted only by using a double-exponential function to account for the simultaneous
degradation and regeneration during laser annealing [124]. The calculated time constants
for the defect formation and annihilation are 23.0+3.5 sec and 989+31 sec, respectively.
The significantly different time constants for trap annihilation and defect formation

suggest that the traps do not act as a precursor to the LeTID-related defects.
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Fig. 4.13. Change in the NTD and NDD of a passivated and fired sample after full trap recovery: (a) after the first cycle
of laser annealing; (b) dark annealing; and (c) after a second cycle of laser annealing. The dashed lines in (a) are mono-
(trap) and double-exponential (defect) fits for the measurements.

In Fig. 4.13 (b), the change in NDD and NTD after DA of the same sample at 175 °C
for 150 min is presented. Both NDD and NTD remain almost constant throughout the
annealing process. This shows that unlike post-firing DA (see Fig. 4.9), post-laser
annealing DA does not recover the traps. Hence, the trap annihilation after laser annealing
seems to be irreversible. It also demonstrates that these traps are not correlated with BO-
related degradation, as BO-related traps recover after DA (see Chapter 3) [103]. In Fig.
4.13 (c), the change in NDD and NTD after a second cycle of laser annealing is shown.
In this cycle, the NDD has similar increasing and decreasing behavior with laser
annealing duration. This change, however, happens in a shorter time scale with less
degradation extent compared with the first cycle in Fig. 4.13 (a). The NTD, on the other
hand, remains almost constant during the laser annealing process, different from the
trends shown in the first cycle. This result further suggests that the LeTID-related defects
and the observed traps are independent; while LeTID-related defects are recovered due
to the DA, the traps are unaffected by this process. To further confirm this, LeTID in
samples with different trap densities was studied. In Fig. 4.14, the change in the NDD of

three passivated samples after firing is presented. The degradation of two samples was
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started after full recovery of traps, either by keeping them at room temperature (labeled
as “RT”) or by DA at 100 °C (labeled as “DA”). The third sample was degraded
immediately after firing when the trap density is low. The sample that was degraded
immediately after firing, when the trap density is very low, still shows the same

degradation rate and extent as samples that were degraded after a full trap recovery.
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Fig. 4.14. Change in NDD of three passivated and fired samples, two degraded after full recovery of traps at room
temperature (labeled as “RT”) or dark annealing (labeled as “DA”), and one was degraded immediately after firing
(Paths 9, 10, and 11).
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Fig. 4.15. Change in the NTD and NDD of a sample degraded immediately after firing (Path 11).

In Fig. 4.15, the change in the NTD (with respect to the trap density prior to the firing)
and the NDD of the sample that was degraded before the trap recovery is presented (NDD
is the same as in Fig. 4.14). In contrast to the observed anti-correlation between NTD and
NDD in Fig. 4.13, the trap density is constant throughout laser annealing of the sample
while the NDD has its characteristic degradation and regeneration behavior. This further
suggests that the generation of defects is not due to the annihilation of traps, as no change

in the trap density is observed throughout the laser annealing process. Thus, it can be
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concluded that while the trap annihilation might be related to the passivation of traps via

hydrogenation, it is not correlated with LeTID.

4.3.4 Impurity-related defects as a trapping center source

In Section 4.3.1, impurities and structural defects were suggested as possible sources
of the observed traps. In this and the following section, these two possibilities are
investigated. Since the measured samples in the previous sections have been gettered, it
is assumed that the density of metallic impurities is small, suggesting that these impurities
are not the source of the observed traps. To confirm this, the impact of two well-known
metallic impurities in mc-Si, iron (Fe) and nickel (Ni) [125], on the trap densities is further
investigated. For this purpose, another set of B-doped mc-Si wafers with a thickness of
19645 um and resistivity of 2.25+£0.08 Q-cm was used. Five sister samples were saw
damage etched and gettered with a recipe similar to the one described in Section 4.2. This
was followed by the removal of the diffused layer. Afterward, one sample was ion-
implanted with Fe and the second sample with Ni. After the ion implantation, the two
samples were annealed to distribute the impurities uniformly across the wafer. Two
additional samples were annealed at the same conditions as reference samples. The labels
used for the samples as well as the details of the implantation and annealing conditions
are presented in Table 4.1. After the implantation, the surface of the samples was
passivated with a PECVD AlOx-SiNy stack.

Table 4.1. Implantation and annealing conditions of mc-Si samples used for the investigation of traps in contaminated
samples.

Sample Fluence (cm?) Annealing temperature (°C) Annealing duration (s)

R - - -
R-Fe - 900 3,600
I-Fe 1.5 x 10" 900 3,600
R-Ni - 800 600
I-Ni 6 x 10'? 800 600

The PCD curves of Samples R-Fe and I-Fe are shown in Fig. 4.16 (a) and the PCD
curves of R-Ni and I-Ni samples are shown in Fig. 4.16 (b). The PCD curve of the R
sample is presented in both figures as a reference. As expected, the PCD curve of the R
samples shows a long PCD tail. Since the passivation layer has a negative fixed charge,
the observed effect can be attributed to the traps and not DRM. Focusing on the Fe-
implanted sample, the signal of the PCD measurement is almost identical to the R sample,
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suggesting that Fe is not the source of this trap. Comparing the PCD curves of R and R-
Fe samples, it can also be said that the annealing process does not impact the trap density.
The same conclusion can be drawn for the Ni-implanted sample. The small difference in
trap densities of I-Ni compared with R-Ni and R might be due to a slight error in the
measurement, considering that the mc-Si measurement is significantly location-
dependent. It should be noted that if Ni is the source of traps, an increase in the trap
density should have been observed in the PCD signal. In conclusion, considering that all
the samples have been gettered and Fe- and Ni-contaminated samples did not demonstrate

an increase in trap density, it is likely that impurities are not the source of these traps.
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Fig. 4.16. PCD curves measured at —100 °C of samples implanted with (a) Fe; and (b) Ni, and their respective non-
implanted and/or non-annealed references.

4.3.5 Structural defects as a trapping center source

To investigate the possibility of structural defects (i.e., dislocations and grain
boundaries) being a source of traps in mc-Si wafers, a set of five B-doped mono-cast
silicon samples were prepared. Two samples were from one 6-inch wafer (Wafer 1,
1.58+0.05 Q-cm; 194£7 um) and the other three from another wafer from the same ingot,
however, from different location and height (Wafer 2, 1.78+0.04 Q-cm; 19443 um). All
the samples were saw damage etched using alkaline etching and measured without surface
passivation. Mono-cast silicon wafers (also known as mono-like or cast-mono) are wafers
grown from a monocrystalline seed using the casting method [126]. In these wafers, the
structural defects are formed during the solidification stage as the ingot grows [126]. As
a result, areas with different structural defect densities are generated after the growth.
Since the growth method is similar to mc-Si (casting), it is assumed that the structural
defects present in both wafer types are similar. Since the present samples have areas with
different structural defects in a 6-inch silicon wafer, it is possible to separate the impact

of each defect on trap density. To differentiate between different regions of the samples,
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PL images were taken at room temperature using an 808 nm laser with 10 suns intensity
with an acquisition time of 9.5 sec. While the PL image shows the presence of structural
defects, it is challenging to differentiate between dislocations and grain boundaries in
these samples. For this purpose, electron backscatter diffraction (EBSD) measurements
[127] were performed.

In Fig. 4.17, the PL images and EBSD maps of two samples from Wafer 1 are
presented. Both samples have a high density of structural defects, clearly visible in the
PL images. In Fig. 4.17 (a), a PL image of a sample with dislocations but without any
grain boundaries is shown. The nature of the structural defects is identified using an
EBSD measurement on a representative region. As shown in Fig. 4.17 (a), the EBSD
measurement does not show any anisotropy in crystal orientation in the marked region,
suggesting that this sample is indeed a single crystal. It should be noted that the region
chosen for EBSD measurement demonstrates all the observed features present in the PL
Image, suggesting that this region is a representation of the whole sample. On the other
hand, the EBSD map of the second sample, shown in Fig. 4.17 (b) points out the fact that
different grains (and thus, grain boundaries) are present in it. Besides using EBSD
measurement, this can be inferred from the PL image. Since the samples have been etched
with an alkaline solution, varying crystal orientations have different reflectance after the
etching process, leading to unequal PL intensities in the different grains [128]. Moreover,
each plane has different surface recombination rates which is the dominant contributor to
the PL intensity in bare wafers [129]. Thus, the difference in the PL image intensity in
different regions is presumably due to the presence of different grains which in turn
suggests the presence of grain boundaries. The total length of the grain boundaries of this
sample for the measured region is calculated to be 5.62 cm. The samples used in this
section are labeled based on the type of structural defects present in them. These labels

are shown in Table 4.2.

Table 4.2. Labels for mono-cast wafers used for investigation of trapping sources in mc-Si.

Sample label Wafer number Structural defects
MCI1-D 1 Dislocations
MC1-DG 1 Dislocations apd grain
boundaries
MC2 2 None
MC2-D 2 Dislocations
MC2-DG ) Dislocations apd grain
boundaries
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With structural defects being differentiated, the PCD measurements were performed
on both samples (MC1-D and MC1-DG) to investigate the traps. The results for the PCD
measurements are shown in Fig. 4.18. No long PCD tail is observed in the sample with
dislocations and without grain boundaries (MC1-D). On the other hand, the long PCD
curve is visible in the sample with dislocations and grain boundaries (MC1-DG). As the
samples have no passivation and the TDDs are removed, it can be suggested that this
decay is due to the presence of traps that are non-related to TDDs. It can be concluded
that this trap is due to the presence of grain boundaries and not the dislocations. The trap
can also be related to the impurities decorating the grain boundary, as it has been shown
previously that the type of impurities in these two structural defects are not always similar
[130]. Consequently, it can be suggested that traps observed in the mc-Si wafers are likely
due to the grain boundaries and not the dislocations or the impurities.

With dislocations With dislocations and
grain boundaries au
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™ 3450
PL image 2300
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Fig. 4.17. PL images and EBSD maps of two mono-cast silicon samples from Wafer 1, from areas with: (a) dislocations
only; and (b) both grain boundaries and dislocations.
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Fig. 4.18. PCD curves measured at —100 °C of samples MC1-D (No GB) and MC1-DG (With GB).

To confirm this, Wafer 2 (which is from a different area of the ingot) was chosen and
the same measurement procedure was performed on this wafer. Besides the two areas
mentioned before, this wafer also contains an area without any structural defects. The PL
image and EBSD maps of three samples from three different areas are shown in Fig. 4.19.
The sample presented in Fig. 4.19 (a) has no structural defects (MC2) while the sample
in Fig. 4.19 (b) only has dislocations (MC2-D), and the sample in Fig. 4.19 (c) has
dislocations and grain boundaries (MC2-DG). Like the previous samples, this can be

inferred from the PL images and is confirmed with EBSD measurements.
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Fig. 4.19. PL images and EBSD maps of three mono-cast silicon samples from Wafer 2, from areas with: (a) no
structural defects; (b) dislocations only; and (c) grain boundaries and dislocations.

PL image

The PCD measurements for these samples are shown in Fig. 4.20. As expected, the
PCD measurement of MC2 (no structural defects) and MC2-D (dislocations only)
samples do not show a long PCD tail. In contrast, the MC2-DG sample (with dislocations
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and grain boundaries) has a PCD curve with a long decay, suggesting that this sample is
impacted by traps. The total length of the grain boundaries in the region chosen for EBSD
measurement of the MC2-DG sample is 2.76 cm which is 51% lower than MC1-DG. This
might be the reason behind the lower measured trap density (49%) compared to MC1-
DG.

As mentioned previously, a possible source of the long PCD tail is the high mobility
of majority carriers under illumination due to the reduction in the charge barrier around
grain boundaries. However, it is worth reiterating that this effect is shown to be negligible
at light intensities lower than 1 x 107° suns. As mentioned previously, this light intensity
is reached ~ 630 us after the excitation. Thus, it can be concluded that the current

observation is not related to this phenomenon.
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Fig. 4.20. PCD curves measured at —100 °C of samples MC2 (no structural defects), MC2-D (dislocations only), and
MC2-DG (dislocations and grain boundaries).

4.4 Chapter summary

A trap-related long PCD measurement was observed in B-doped mc-Si wafers. It was
shown that these long time constants cannot be due to the DRM or changes in the charge
barrier near the grain boundaries. Thus, this PCD was associated with the presence of
traps in B-doped mc-Si wafers. It was shown that this trap is not due to the TDDs or BO-
related traps.

This long PCD measurement was associated with two traps having time constants of
0.14+0.1 sec (Trap 1) and 1.87+£0.43 sec (Trap 2) at 30 °C. Additional investigations of
Trap 2 indicated that firing the samples (passivated with SiNy) results in a significant
reduction in the density of these traps. After storing the samples at room temperature in
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the dark for several days or DA the samples at 100 °C for a few hours, the traps were
generated again. However, such a change was not observed in samples without a
hydrogen-rich surface passivation dielectric layer, suggesting that this metastable change
in trap densities might be related to the hydrogen released from the surface passivation

during the firing process.

It was shown that laser annealing of the fired sample permanently annihilates the traps
while generating LeTID-related defects. Such a change is not observed in non-fired
samples. Unlike firing, the annihilation of traps after laser annealing seems to be
permanent. It was shown that the rates for defect formation and trap annihilation are
different. Moreover, when a sample with low trap density (immediately after firing) was
laser annealed, the degradation rate and extent were identical to the sample after full
recovery of traps (with DA or storage at room temperature). Thus, it can be concluded
that there is no correlation between defect generation and trap annihilation in the case of
LeTID.

In addition to the trap being observed in samples after gettering, it was shown that Fe
and Ni implantation does not increase the trap densities. Thus, it can be suggested that
these two metallic impurities are not the source of the observed traps. However, other
metallic impurities, accumulated at the grain boundaries, might be the source of these
traps. Finally, the likely source of the trap was determined. By measuring mono-cast
silicon wafers from different regions of the ingot, with different combinations of
structural defects, it was shown that grain boundaries are the source of the observed traps,

and not dislocations.
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Chapter 5
Investigation of Light-Induced Degradation in Gallium- and

Indium-Doped Czochralski Silicon?

LID in B-doped Cz wafers is an important problem that impacts commercial p-type
solar cells. To reduce the impact of BO-related degradation on cell efficiencies, Ga- and
In-doped Cz wafers have been suggested as a substitute for B-doped wafers [77, 78].
Moreover, the observations regarding the presence of LID in these two materials are
inconclusive [78, 82-84, 87, 88]. It was stated that between Ga- and In-doped wafers, Ga-
doped wafers are considered more suitable to replace B-doped wafers [81]. This has
motivated several studies investigating Ga-doped wafers [85, 86, 131]. It has been
suggested that as-received Ga-doped wafers demonstrate very high lifetimes equal to the
values observed in gettered B-doped Cz wafers that have been stabilized to remove the
impact of BO degradation [84]. A firing step seems necessary to observe LID in Ga-doped
wafers [85, 131]. It was shown that a prolonged light soaking results first in the
degradation and then in the recovery of the lifetime while further light soaking does not
degrade the lifetime anymore [83]. It is also shown that the thermal history of Ga-doped
wafers and cells has a significant impact on LID behavior. In a study by Grant et al., it
was shown that pre-light soaking DA at temperatures higher than 200 °C and up to 300 °C
increases the degradation extent in Ga-doped cells [83]. However, after DA, no
degradation was observed after stripping the cells of metallization, passivation layers and
the diffusion layer, and then re-passivating the wafers with ALD AlOx annealed at 420 °C
[83]. This suggests that the thermal budget during annealing annihilated the LID-related
defects generated during DA [83]. Several studies have been performed to investigate the
LID-related defect in Ga-doped wafers. In addition to the extraction of the activation
energies for formation and removal with extended light soaking [85, 131], the k value of
the LID-related defects has also been extracted [85, 132]. These values have been

! This chapter is partially based on:
S. Jafari, and Z. Hameiri, in 48" IEEE Photovoltaics Specialists Conference (PVSC), 2021.

94



Materials and methods

extracted using injection-dependent lifetime spectroscopy (IDLS) measurement method,
with the assumption of an energy level at the mid-gap [85, 132]. However, as discussed
in Chapter 2, a single injection-dependent lifetime measurement is insufficient to extract
reliable, accurate values for k. Moreover, the defect energy level cannot be determined
with IDLS method.

In this chapter, LID in both Ga- and In-doped Cz wafers is investigated. First, the
change in the lifetime during light soaking is investigated. The defect formation rates are
measured at different temperatures and the defect formation activation energies are
extracted. Defect annihilation with DA is investigated and, subsequently, the activation
energies for defect annihilation are measured. Using TIDLS measurements, the
parameters of the defect causing LID in Ga-doped wafers are extracted. Finally, PCD
measurements are performed to investigate traps in Ga-doped wafers and their potential

correlation with LID in this material.

5.1 Materials and methods

For the lifetime-based studies, a set of B- (1672 um; 1.65+0.03 Q-cm), Ga-
(18942 um; 1.80+0.04 Q-cm), and In-doped (1663 pm; 3.30+0.12 Q-cm) Cz wafers
were used. Using FTIR measurements, the [Oi] was measured to be 5 x 101 cm™ for the
B- and In-doped wafers and 6 x 107 cm™3 for the Ga-doped wafers. For trap studies using
PCD measurements, a set of Ga-doped Cz wafers with a thickness of 178+4 um and
resistivity of 3.1+0.08 Q-cm was used. All the wafers were gettered using a P-diffusion
at 840 °C for 45 min. The diffused layer was then etched off and the wafers were
passivated with a 75 nm SiNy, deposited using a PECVD system with a refractive index
of 2.08 at 632 nm [92]. After passivation, the wafers used for lifetime measurements were
fired at a peak temperature of 900 °C using a SCHMID belt furnace. When needed, the
passivation layer was removed using a 5% HF solution. For the degradation process, the
samples were illuminated at various temperatures using halogen lamps with 0.4 suns or
0.1 suns equivalent intensity. For DA, the samples were annealed on a hot plate. In both
degradation and DA processes, the reported temperature is the sample temperature as
measured by two k-type thermocouples (CHAL-005 OMEGA) attached to a sample from

the same sample set being measured.
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For the room temperature lifetime measurements, a Sinton Instrument WCT-120
lifetime tester was used. For TIDLS and PCD measurements, the system described in
Chapter 3 was used. For TIDLS measurement, the lifetime was measured in the —50 °C
to 50 °C temperature range while for PCD measurements, the PC signal was acquired in

the 21 °C to 45 °C temperature range.

5.2 Results and discussion

5.2.1 Kinetics of LID in Ga- and In-doped Cz silicon

In Fig. 5.1, the change in lifetime at An = 1 x 10'° cm~3 of representative B-, Ga-, and
In-doped samples during light soaking at 0.4 suns and 80 °C are presented. The B-doped
sample has the highest degradation extent with a maximum lifetime reduction of 82%
after ~ 40,000 sec. The Ga- and In-doped samples show a maximum lifetime reduction
of 65% after ~ 20,000 sec and 77% after ~ 450,000 sec, respectively. The lifetime returns
to its initial value after DA. The details of the DA leading to the recovery of sample
lifetimes will be discussed in more detail. This suggests that the Ga- and In-doped Cz
wafers are likely to have “degraded” and “annealed” states similar to the states observed
in LID [52] and LeTID [74]. It has been shown that the rate and extent of LID [52, 103],
as well as the extent of LeTID [133] in B-doped wafers, can be doping-dependent. It is
possible that such a correlation might be present for Ga- and In-doped samples as well.
Thus, care should be taken when comparing the degradation rate and extent of the In-
doped samples with the other two dopants. While the doping density of B- and Ga-doped
samples are similar (8.8 x 10° cm™ and 8.1 x 10%° cm™3, respectively) and both are
almost fully ionized at 80 °C (> 99%), the In-doped sample has a lower doping density

(5.5 x 10 cm™3) with lower ionization extent (~ 90%) at this temperature [80].

As mentioned, previous findings regarding the degradation of Ga- and In-doped Cz
wafers are inconclusive. In some studies, no degradation was observed [78, 134], whereas
several recent investigations have shown degradation in both wafers and cells made from
these materials [83, 84, 87]. The reason behind the different observations regarding the
presence of LID in Ga-doped wafers is yet to be determined, however, a recent study has
suggested that an unintentional presence of B in Ga-doped cells might have an impact on
the observed degradation, although the density of this B contamination is very low
(< 1 x 10* cm™3) [84]. It has been suggested that pre-degradation DA can also have an
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impact on the degradation behavior of Ga-doped solar cells [83, 84]. Degradation in In-
doped wafers has also been observed in several studies [87, 135]. Similar to Ga, the reason

behind the different observations regarding LID in In-doped wafers is not clear yet.
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Fig. 5.1. The lifetime of B-, Ga-, and In-doped samples as a function of light soaking duration at 0.4 suns and 80 °C.

For short light soaking durations in Fig. 5.1 (marked with a square), an abrupt decrease
in the lifetime can be observed for the Ga-doped and the B-doped samples while a smaller
reduction is detected for the In-doped sample. To further investigate this region, two
samples were degraded using a lower illumination intensity of 0.1 suns, at 28 °C for Ga
and 50 °C for In. Due to the lower insolation and temperature compared to conditions in
Fig. 5.1, the changes in the lifetime are slower, allowing easier monitoring of the lifetime
change at shorter time scales. The higher temperature used for the In-doped sample was
because no degradation was observed at 28 °C after 50 hours of light soaking. To remove
the impact of Fe on the measurements (by forming Fe-Ga and Fe-In pairs), in addition to
gettering, the samples were light-soaked using the flash of the lifetime tester to dissociate
the pairs. This was done until no change in the lifetime was observed with additional

flashing.

In Fig. 5.2, the change in lifetime (left y-axis, blue) and NDD (right y-axis, red) of
Ga- and In-doped samples during degradation are presented. The Ga-doped sample
demonstrates a clear two-step degradation, resulting in: (i) a ~ 13% reduction in the
lifetime within a few minutes; followed by (ii) a second, much slower degradation step.
A two-step degradation process in Ga-doped wafers during light soaking has also been
observed in another study [85]. Furthermore, a similar two-step process has been
previously reported for LeTID of B-doped mc-Si wafers [136]. The In-doped sample

seems stable in comparison until ~ 1,000 sec of light soaking.
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Fig. 5.2. The lifetime and NDD of (a) Ga-; and (b) In-doped wafers as a function of light soaking duration at 0.1 suns,
28 °C for Ga and 50 °C for In. The solid lines are double- (Ga) and single-exponential (In) fits to the data.

Defect formation

To extract the activation energies of defect formation, degradation was conducted at
seven temperatures between 50 °C to 155°C and the defect formation rate was
determined at each temperature. For this purpose, the NDD at each temperature as a
function of light soaking duration were fitted with a double-exponential function for the
B- and Ga-doped samples, and a single-exponential function for the In-doped sample. For
both B- and Ga-doped samples, only the activation energies of the slow step degradation

were extracted.

The Arrhenius plot generated from these defect formation rates is shown in Fig. 5.3.
The extracted activation energies for B-, Ga-, and In-doped wafers are summarized in
Table 5.1. The values for B- and In-doped Cz samples are similar to previously reported
values of 0.94 +0.06 eV for LeTID-related defect formation in B-doped mc-Si wafers
[136]. Regarding the In-doped sample, the extracted activation energy has a slightly
higher margin of error suggesting that the fit quality is lower. This may be due to the
considerable change in the dopant ionization percentage for In-doped samples, from 85%
at 50 °C to 96% at 155 °C [80]. Therefore, the degradation happens with different
background doping at different temperatures, which may cause a slight shift in the
degradation rate.

An activation energy of 0.58+0.04 eV has been determined in a previous study for the
generation of LID-related defects in the temperature range 90 °C to 140 °C for Ga-doped
Cz wafers [131]. In the same study, a deviation from the reported value at temperatures
below 90 °C was observed [131], while such deviation is not observed here in the range
of 50 °C to 155 °C. Moreover, in Ref. [131] the degradation curves were fitted with a

single-exponential function, assuming a one-step degradation process, which might have
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caused an error in the extracted activation energy. In another study, the activation energy
of the slow step defects was determined to be 0.90+0.05 eV in the range of 100 °C to
160 °C [85]. The difference in light intensity used to induce the degradation process
(0.4 suns vs. 0.7 suns) might be the source of the observed discrepancy between the
extracted activation energies; it has been suggested that the degradation rate can be
affected by the illumination intensity [86].
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Fig. 5.3. Temperature dependence of the defect formation rates in B-, Ga-, and In-doped Cz wafers due to light soaking
at 0.4 suns between 50 °C to 155 °C. The investigated defects for B- and Ga-doped wafers are the slow-formed defects.
The solid lines are exponential fits to the data.

Table 5.1. Activation energies of LID- and LeTID-related defect formation in B-, Ga-, and In-doped Cz wafers from
this study and literature.

Activation energy (eV)

Defect type Fit Literature
LID in B-doped Cz 0.94+0.12 0.48+0.04 [103] -
LID in Ga-doped Cz 0.74+0.10 0.58+0.04 [131] 0.90+0.05 [85]
LID in In-doped Cz 0.91+0.15 - -
LeTID in B-doped mc-Si - 0.94+0.06 [136] -

Defect annihilation

Prior work has suggested that the generated LID- and LeTID-related defects in B-
doped wafers can be annihilated with DA [52, 75]. This was shown in Fig. 5.1, where the
lifetime of Ga- and In-doped wafers also recovered after a post-LID DA. To investigate
the kinetics of defect annihilation with DA, a set of three fully degraded samples with B,
Ga, and In doping were dark annealed at 170 °C. The change in lifetime at
An =1 x 10% cm™ for these three samples is shown in Fig. 5.4. For the B-doped sample,
the lifetime initially recovers before reducing with further DA after ~ 5,000 sec. This has
been observed previously and has been attributed to the formation of LeTID-related

defects during the DA process [124]. Apart from this simultaneous defect formation
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during the DA process in the B-doped sample, the initial lifetime recovery seems to
happen in a single step. In contrast, the lifetime recovery (defect annihilation) of Ga-
doped wafers during DA happens in two steps: one fast process and one slow. The former
step is completed at around 1,000 sec while the second step extends past 100,000 sec.
Similarly, the In-doped sample shows a two-step lifetime recovery throughout the DA
process. Neither Ga- nor In-doped samples demonstrate a reduction in the lifetime within
the prolonged DA duration investigated here (> 200,000 sec).

2401 ¢ B
e Ga

200_ e In
2 160
o
£ 120
2
4 80-

401 170 °C

Deg 10" 10> 10° 10* 10° 10°
Light soaking duration (s)

Fig. 5.4. The lifetime of B-, Ga-, and In-doped samples as a function of DA duration at 170 °C. The solid lines are
double-exponential fits to the data (one growth and one decay function for B, and two growth functions for Ga and In).

To extract the activation energy for the annihilation of LID-related defects in Ga- and
In-doped Cz wafers, the change in lifetime during DA was measured at seven different
temperatures in the range of 140 °C to 200 °C in 10 °C intervals. The NDD extracted
from lifetime was plotted as a function of DA time and subsequently fitted with a double-
exponential function to extract the defect annihilation rates. The Arrhenius plots for the
defect annihilation rates are provided in Fig. 5.5. For the extraction of the defect
annihilation rate in the fast step for the Ga-doped sample, only the data up to 180 °C has
been used, since at higher temperatures, the initial lifetime recovery happens in time

scales close to the minimum measurement time intervals of 10 sec.

The Arrhenius plot for the fast step annihilation is shown in Fig. 5.5 (a). The extracted
activation energies for the fast step of defect annihilation in Ga- and In-doped samples
are 1.61+0.04 eV and 1.40+0.09 eV, respectively. While only a single regime is realized
for the activation energy of the fast step of defect annihilation throughout the whole
temperature range, the annihilation of defects in the slow step shows two activation

energies for both samples, as shown in Fig. 5.5 (b). For the Ga-doped sample, the
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annihilation rate seems to become temperature independent for temperatures lower than
150 °C, whereas at higher temperatures it follows an exponential increase with an
activation energy of 1.86+0.10 eV. For the In-doped sample, two activation energies can
be extracted for two temperature ranges, 2.51+0.11 eV for temperatures higher than
~180 °C and 0.90+£0.08 eV at temperatures lower than ~ 160 °C. These values are
summarized in Table 5.2.
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Fig. 5.5. Temperature-dependent defect annihilation rates of the (a) fast; and (b) slow steps in Ga- and In-doped wafers.
The error bars of the extracted rates are smaller than the marker size. The solid lines are single- (Ga-fast, In-fast, Ga-
slow) and double-exponential (In-slow) fits to the data.

Considering that Ga-doped samples have two-step degradation and regeneration
processes, it is not yet clear whether two sets of defects are formed and annihilated during
light soaking and DA, or one set of defects has a two-step formation and annihilation
process. For In-doped samples, on the other hand, it is more likely that one set of defects
is formed (one-step degradation), that are annihilated in two steps, based on the results in
Fig. 5.2 and Fig. 5.4.

Table 5.2. Activation energies of the fast and slow steps of LID-related defect annihilation in Ga- and In-doped Cz
wafers, measured at 140 °C to 200 °C.

Defect Step type Activation energy (eV)

Fast 1.61+0.04

Ga-doped Cz —¢, 1.86+0.10
Fast 1.40+0.09

In-doped Cz  Slow #1 2.51+0.11
Slow #2 0.90+0.08

5.2.2 Analysis of LID-related defects in Ga-doped Cz silicon

Ga has replaced B as a p-type dopant in silicon wafers used for PV applications [13].
For this reason, this chapter will focus on more detailed investigations of Ga-doped

wafers from this point onwards. To better understand the defect causing LID in Ga-doped
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wafers, TIDLS measurement was performed using a representative Ga-doped sample and
the k-DPSS curves were generated to extract the defect parameters. The effective lifetime
curves of the sample before and after degradation as well as the LID-related SRH lifetime
component (zuip) are shown in Fig. 5.6. The SRH lifetime is extracted using the method
described in Chapter 2. A significant drop in the lifetime is observed, in particular at the
low injection range, which is presumably due to the generation of a recombination-active

defect in the bulk after light soaking.
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Fig. 5.6. Lifetime curves of a Ga-doped wafer measured at 30 °C, before (blue) and after (red) degradation. The LID-
related lifetime component (green) is also presented.

To perform the DPSS analysis, the lifetime curves of the sample were measured in the
—50 °C to 50 °C temperature range using 25 °C intervals. The lifetime curves are
linearized and fitted with two SRH defects using the method discussed in Chapter 2. To
provide an example, the linearized lifetime measured at —50 °C and the corresponding
fitted SRH lifetimes are shown in Fig. 5.7 (a). Since the linearized lifetime curve cannot
be fitted with a single straight line, it is assumed that more than one defect is affecting the
lifetime curve. One of these SRH defects is more dominant in the low injection range
(dominant defect), while the second one is affecting the high injection range (second
defect). Another possibility is having a two-level defect affecting the lifetime after the
LID. For the following discussion, two single-level defects are assumed to be present in
the bulk.

The dominant defect is first investigated. The fitted SRH lifetime curves for the
dominant defect are shown in Fig. 5.7 (b). As the temperature is increased, the lifetime
curves become more linear and the fitted SRH curve gets closer to the experimental data
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at high injection levels, meaning that the contribution of the second defect on the total

lifetime curve becomes smaller.
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Fig. 5.7. (a) Linearized LID-related lifetime curve of the Ga-doped wafer at —50 °C. The solid lines are the fitted SRH
lifetime curves for the dominant defect (red), second defect (green), and the sum of the two defects (blue).
(b) Linearized LID-related lifetime curves of the same wafer in the —50 °C to 50 °C range. The solid lines are the fitted
SRH lifetime curves for the dominant defect at each temperature.

Using the fitted SRH lifetime curves, the k-DPSS curves for the dominant defect were
generated and are provided in Fig. 5.8 (a). The associated standard deviation of these
curves is presented in Fig. 5.8 (b). One solution can be extracted at each bandgap half,
shown in Fig. 5.8 (a) with black dots with the error range related to the fitting process
described by the shaded grey area. The extracted energy levels for the bottom and upper
bandgap halves are —0.31+0.02 eV and 0.21+0.04 eV, respectively. Furthermore, the
extracted k values for the bottom and upper bandgap halves are 26+2 and 2542,
respectively. For comparison, the k value and energy level combination of several
previously investigated defects in silicon are also presented in the k-DPSS plot of Fig.
5.8 (a). The best known matches in the bottom bandgap half are the defect causing LeTID
[96], the interstitial molybdenum donor Moi®* [137], or the interstitial titanium double
donor Tii*'** [138]. In the upper bandgap half, the only candidate is the defect associated
with LeTID. However, none of the known solutions perfectly match the extracted
parameters for the LID-related defect in Ga-doped silicon, suggesting that this may be a

defect not characterized until now.

The reported k values in the literature for the LID-related defects in Ga-doped wafers,
extracted using IDLS measurements are 27 <k < 35 [85], and k = 26 [86], which are

confirmed with these TIDLS results.
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Fig. 5.8. (a) k-DPSS curves for the LID-related dominant defect in the Ga-doped wafer; and (b) the standard deviation
of the k-DPSS curves at each energy level. The black dots in panel (a) are the calculated defect parameters. The shaded
areas indicate the uncertainty range associated with the fitting process. Known candidate defects with parameters
obtained from the literature are plotted as red dots in panel (a) [96, 137-140].

The k-DPSS curves as well as their standard deviation for the second defect are shown
in Fig. 5.9 (a) and Fig. 5.9 (b), respectively. No clear intercept is observed between the k-
DPSS curves, which results in not having a local minimum in the standard deviation
curve. As a result, no defect parameter can be extracted based on these k-DPSS curves of
the second defect.
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Fig. 5.9. (a) k-DPSS curves for LID-related second defect in a Ga-doped wafer; and (b) the standard deviation of the
k-DPSS curves at each energy level.

5.2.3 Traps in Ga-doped Cz silicon

It was suggested in Chapter 3 that a set of traps are acting as the precursor of BO-
related defects in B-doped Cz wafers. Moreover, in Chapter 4, it was shown that another
set of traps with a large PCD time constant is present in B-doped mc-Si wafers and is
impacted by light soaking. Considering these findings, PCD measurements were
performed on Ga-doped Cz samples after light soaking and DA to investigate the trapping
behavior of Ga-doped wafers.

PCD measurements were done at 30 °C on a representative sample (from previous

sections) after DA and after LID. The passivation layers of this sample were removed and
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replaced with a 10 nm ALD AIlOx capped with a 75 nm PECVD SiNx. The sample was
annealed at 400 °C for 30 min after AlOx deposition (before SiNx deposition) to activate
the surface passivation. While passivation was crucial to observe the change in lifetime
after the light soaking step, this passivation was chosen to remove the possible impact of
DRM on the PCD measurements (see Section 3.3.1). The lifetime and PCD curves of this
sample are shown in Fig. 5.10. As expected, the lifetime drops significantly with light
soaking. The lower initial lifetime of the sample is presumably due to the lower quality
of the surface passivation, compared with the PECVD SiNx. A long decay tail is present
in the PCD measurement shown in Fig. 5.10 (b), suggesting a trap exists in the bulk of
the wafer. Since the TDDs are removed from this sample prior to the PCD measurement,
this trap is unlikely to be due to TDDs. There seems to be a small change in the trap
density after the degradation process. However, since the density of traps in this set of
samples is very low, a correlation between degradation and change in trap density cannot
be investigated with high certainty. It was mentioned previously that firing is required in
order to observe LID in Ga-doped Cz wafers [85]. To separate the possible changes in
trap density and LID-related defect density, a new set of samples was prepared with the
same processing steps as the lifetime samples without firing, thus, without degradation
upon light soaking.

This new set of unfired samples (denoted as the “PCD set) was found to have a much
higher trap density and was used for the following in-depth trap studies. This might be
because the traps were not passivated during the firing process. The samples in the PCD
set were prepared based on the processing steps described in Section 5.1 and note that the
TDDs were annihilated for this set. The PCD curve of a representative sample from the
PCD set is shown in Fig. 5.11. A long decay is present for both SiNx-passivated and de-

passivated samples indicating that traps are present in the bulk of these samples.
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Fig. 5.10. (a) Lifetime; and (b) PCD curves of a Ga-doped sample measured at 30 °C before and after degradation.
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Fig. 5.11. PCD curves at 30 °C of a Ga-doped sample from the PCD set after DA, before and after removing surface
passivation.

To investigate the evolution of traps with illumination and DA, PCD and lifetime
measurements were performed on a representative passivated sample after DA at 175 °C
for 10 min. Subsequent PCD and lifetime measurements were done after illuminating the
sample at 75 °C for 3,000 min using halogen lamps with 0.4 suns intensity. This was
followed by another DA-light soaking-DA process with PCD and lifetime measurements
at the end of each step. The lifetime curves of the sample after these cycles are provided
in Fig. 5.12 (a) and the PCD curves are shown in Fig. 5.12 (b). After light soaking, the
lifetime of the sample does not decrease, but increases by ~ 19% at An =1 x 10 cm™3,
The increase in the effective lifetime is only present after the first light soaking and the
lifetime remains almost unchanged in the following processing steps. Hence, the lifetime
increase is not masking any LID effects in this sample. This increase in lifetime will be
further investigated in the following paragraphs. The absence of degradation after light
soaking is not surprising as it has been shown that a firing step is needed in order to
observe degradation in Ga-doped wafers [85, 86], whereas the samples in the PCD set did
not go through firing. With regards to the traps, it is observed that they are annihilated
with light soaking and re-generated with DA. This behavior is like BO-related traps,
observed in Chapter 3. However, in contrast with the B-doped Cz wafers, in these
samples, the annihilation of the traps is accompanied by a lifetime increase in the first
light soaking step and stabilization thereafter. Moreover, in the following DA and light
soaking steps, the lifetime remains constant while in the B-doped samples, lifetime would

cycle between dark annealed and degraded states.

106



Results and discussion

a) 30°C o Darkanneal1 | P 103{45°C e Dark anneal 1
80 e Lightsoak 1 (] e Light soak 1
o Dark anneal 2 * L e Dark anneal 2
e Light soak 2 -~ e Light soak 2
@ Dark anneal 3 8 10 o Dark anneal 3
7] c
2 60 [
P 27° %, °
£ ......oooooo'...... ) S
£ o _o0®®® %0, D, T
= ° e, () c
Q e, ()
= %, &, Q
= (Y 0. o
- 40 % O S
'0.. ) -g
(N £
20
1014 1015 1016
Ang,, (cm™) Time (s)

Fig. 5.12. Passivated Ga-doped sample from the PCD set cycled between DA and light soaking steps: (a) QSSPC
lifetime curves at 30 °C; and (b) PCD curves at 45 °C.

To determine the source of the lifetime change after the first light soaking step and
investigate the possible correlation between lifetime increase and trap annihilation, the
saturation current density (Jo) of the sample after each processing step is extracted using
the method developed by Kane and Swanson [141]. For this purpose, thel/zes curve as a
function An is generated and the slope of this curve is extracted in the high injection
range. From this slope, the Jo is calculated using:

, d 1
Jo = aWntggs (~—)) 51)
where 1/zcorr = 1/tett — Lltintrinsic Which includes the contributions from bulk SRH defects
and surface recombination. For this calculation, it is assumed that the change in n; with
An is negligible. The Jo values obtained after consecutive processing steps are shown in
Fig. 5.13. Jo decreases by ~20% after the first light soaking step and remains nearly
constant in the following steps. It is possible that the observed improvement in the
effective lifetime after the first light soaking step is due primarily to surface passivation
improvement upon prolonged illumination [142]. Hence, it can be argued that the change

in the lifetime is not related to the traps present in the bulk.

To validate the above tentative conclusion that changes in trap density and lifetime
are not correlated, the trap annihilation rate was measured and compared with the rate of
lifetime change during the first light soaking cycle. This comparison is done using NTD
and NDD metrics. The effective lifetime curves of a representative sample after various
light soaking durations are shown in Fig. 5.14 (a). The lifetime increases with light
soaking for about one hour and remains almost unchanged afterward. On the other hand,
the density of traps continues to decrease for up to 33 hours of light soaking in Fig. 5.14
(b). The measured NDD and NTD after each light soaking duration are presented in Fig.
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5.14 (c). Fitting each curve with a mono-exponential function, the time constant of defect
annihilation is determined to be 52.5+10.8 min, while the time constant of trap
annihilation is measured to be 611.8+96.4 min. This order of magnitude difference in the
annihilation rates further suggests that the traps in these Ga-doped Cz samples are

unlikely to be related to the change in the lifetime.
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Fig. 5.13. Change in the normalized Jo values of a Ga-doped sample from the PCD set during DA-light soaking cycles.
The solid line is a guide to the eyes.

a
) 80 30°C B) = olnitial 20 min
First cycle 102 . * 50 min e 142 min
® 374 min 987 min
70 L} ® 2056 min
0% o
60{ &, P M First cycle

- *E
L

o lnitial 20 min "
30| 50 min o142 min 10 M“W
©374min - 987 min S

Lifetime (us)
[
=)
{
L]
L ]
&
L]
i
Photoconductance (S)
=
%

5022056 min L 30°C
1013 1014 1015 1016 1 2 3 4
Angp, (€M) Time (s)
c)
100] e o Defect
e Trap

= First cycle

S 80

2

2 60

Q

°

]

.g 40

E

5 20

=z

0 ° °
0 500 1000 1500 2000
Time (min)

Fig. 5.14. (a) QSSPC lifetime curves; and (b) PCD curves of a Ga-doped sample from the PCD set measured at 30 °C
after multiple light soaking durations. (c) Change in NDD and NTD during the light soaking process. Each data set is
fitted with a mono-exponential function (solid lines).

Despite the difference in the defect and trap annihilation rates, it might be argued that

a correlation between defects and traps might exist but with different rates. To investigate
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this further, after the DA, a second cycle of light soaking was performed for the same
time intervals and the change in the defect and trap densities were measured. While the
lifetime remains almost unchanged throughout the second cycle in Fig. 5.15 (a), the long
tail in the PCD curve shows the same decreasing behavior in Fig. 5.15 (b). Comparing
the change in NDD in Fig. 5.15 (c) and NTD in Fig. 5.15 (d) between the first and the
second cycles, it is clear that the rate of change in the NTD is the same in both cycles,
while as expected, the NDD remains almost unchanged. Thus, it can be confirmed that
the observed change in the trap density in Ga-doped samples is not correlated with

lifetime improvement during light soaking.
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Fig. 5.15. (a) QSSPC lifetime curves; and (b) PCD curves of the Ga-doped sample from the PCD set measured at 30 °C
in a second cycle of light soaking durations. Comparison of the change in (¢c) NDD; and (d) NTD as a function of light
soaking duration for the first and second cycles.

Finally, temperature-dependent PCD measurements were conducted to extract the
activation energy of the de-trapping process. Since the PCD signal drops significantly at
very high temperatures, the PCD measurements were performed in a limited temperature
range of 21 °C to 45 °C. The Arrhenius plot for the extracted PCD time constants is shown
in Fig. 5.16. The extracted activation energy for this temperature range is 0.66 eV. By
comparing this value with the Ea values of 1.13 eV and 0.2 eV extracted for the BO-
related two-level traps in Chapter 3, it can be suggested that the nature of the observed

trap in Ga-doped Cz samples is different from that of the BO-related traps.
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Fig. 5.16. Temperature-dependent PCD decay time constant for a Ga-doped sample from the PCD set. The solid line
is a single-exponential function fit to the data.

5.3 Chapter summary

Due to the presence of BO-related degradation in B-doped Cz samples, a change in
the doping element of p-type silicon wafers has been implemented by the major PV
companies. The two proposed elements are Ga and In, with Ga being the dominant choice
due to its higher segregation coefficient and lower dopant ionization activation energy.
This chapter was dedicated to investigating the behavior of Ga- and In-doped Cz wafers

under light soaking.

First, it was shown that Ga- and In-doped Cz wafers both demonstrate LID. Ga-doped
wafers have a two-step degradation profile while In-doped wafers exhibit one-step
degradation. By measuring the defect formation rate at several temperatures, the
activation energies for the formation of LID-related defects were extracted. The defect
annihilation with DA was also investigated. Both Ga- and In-doped samples exhibit two-
step regeneration with DA, one fast and one slow. The activation energies for the
annihilation of defects in the fast step are constant in the measured temperature range.
For the slow step, only one defect annihilation activation energy was measured for Ga-
doped samples (in the 200 °C to 170 °C range) while it seems that the annihilation rate
becomes temperature-independent at temperatures below 170 °C. For the In-doped
samples, two annihilation activation energies were extracted for two ranges of

temperature.

In the next section, the parameters of the defect causing LID in Ga-doped samples
were extracted. For this purpose, TIDLS measurement was performed and k-DPSS curves
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were generated. It is shown that the two sets of parameters can be extracted for the
dominant defect. On the other hand, for the second defect, no parameters can be
determined from the DPSS analysis. When comparing the obtained parameters with

several defects investigated in the literature, the best match is LeTID-related defects.

Finally, minority carrier traps in Ga-doped Cz wafers were studied. It was shown that
traps are present in these samples. These traps are annihilated with light soaking and
regenerated with DA. However, no connection between traps and LID-related defects was
found. Moreover, the de-trapping activation energy of these traps is different from the

BO-related traps investigated in Chapter 3.

As the share of Ga-doped Cz wafers in the PV market grows rapidly, it has become
increasingly important to better identify the bulk defects in this alternative wafer material.
This aim has been pursued in this chapter; first, by investigating the properties of
recombination-active LID-related defects and, second by studying the traps in Ga-doped
wafers. The findings regarding the degradation and annihilation steps and activation
energies are important to theorize the degradation mechanism. The extracted defect
parameters are a signature of the defect in Ga-doped wafers and were used to find possible
candidates for this defect. Further investigation of bulk defects revealed the presence of
a trap in Ga-doped wafers, although, no connection was found between traps and

recombination-active defects.
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Chapter 6
Bulk Defect Characterization in Metalized Solar Cells Using

Temperature-Dependent Suns-Voc Measurements!

Extracting the parameters of efficiency-limiting bulk defects, E; and k, in silicon solar
cells is a critical step in identifying those defects and potentially eliminating their impact.
As shown in Chapter 2, TIDLS measurement can be used to extract these parameters from
wafers [96, 143-146]. Commonly, the QSSPC or transient PC methods are used to extract
temperature- and injection-dependent lifetime curves [38, 147]. However, samples with
a significant amount of metal on the surface (i.e., solar cells) cannot be measured using
this method. One approach to overcome this barrier is to use wafers that closely match
those used for the cells (“sister” wafers). However, sister wafers are not always available
in production lines and the preparation of these wafers often requires significant effort.
Another possible method for lifetime measurements on metalized cells is the front
detection QSSPL measurement [148, 149]. However, this method needs a sophisticated
calibration for each sample, thus, it is not suitable for mass production lines. Hence, there
is a need to develop a fast method, that can be easily used in a production environment,

to extract defect parameters directly from completed, metalized solar cells.

The illumination-Voc measurement, also known as Suns-Voc, has been long used as a
method to obtain the solar cell pseudo-current-voltage (I-V) parameters without the
impact of the series resistance [150]. The method is based on the measurement of open
circuit voltage (Voc) at different illumination intensities that are easily converted into
current. Importantly, lifetime curves can also be extracted from Suns-Voc measurements

and unlike PC-based lifetime measurements, the obtained lifetime is not overestimated

1 This chapter is partially based on:

S. Jafari, M. Abbott, D. Zhang, J. Wu, F. Jiang, and Z. Hameiri, “Bulk defect characterization in metalized
solar cells using temperature-dependent Suns-V,. measurements”, Sol. Energy Mater. Sol. Cells, vol. 236,
pp. 111530, 2022.
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by artifacts that impact the low injection levels (such as traps, [45] and DRM [99]). While
Suns-Voc(T) measurements of silicon-based solar cells have been previously done [151-

153], they have not been used to perform TIDLS-like defect characterization.

In this chapter, a novel method for the extraction of defect parameters from metalized
solar cells is introduced. The method is based on Suns-Voc(T) measurements developed
in this thesis. First, the newly developed Suns-Vq(T) method is presented in Section 6.1.
In Section 6.2, the results are presented and discussed. First, the method is validated by
comparing the parameters of the well-known BO-related defect [52, 143], extracted from
solar cells and lifetime structures fabricated from B-doped Cz wafers. The method is then
used to investigate the defect causing degradation in commercial Ga-doped passivated
emitter and rear cells (PERC), its parameters are extracted and are compared with the
extracted parameters in Chapter 5. Finally, a sensitivity analysis of the method is
performed to investigate the effect of a limited temperature range on the certainty of
extracted parameters. This analysis is further discussed to better understand different

sources of error in TIDLS-based measurements.

6.1 Materials and methods

Sets of B-doped Cz wafers (B: 1.8+£0.05 Q-cm; 167+2 um) and B- and Ga-doped Cz
cells (B: 0.8+0.02 Q-cm; 20045 um, Ga: 0.7+0.02 Q-cm; 205+5 um) were used in this
chapter. The cells and wafers used in this chapter are not sisters. The wafers were gettered
using a P-diffusion at 840 °C for 45 min. The diffused layer was subsequently removed
using an HF-HNO3 solution with a volumetric ratio of 1:10. The wafers were then
passivated with 75 nm PECVD SiNx with a refractive index of 2.08 at 632 nm [92]. They
were later fired at sample peak temperatures of 700 °C. The cells were commercially
produced bifacial PERC devices (both B- and Ga-doped) passivated with a silicon oxide
(SiOx)-SiNx stack on the front and an AlOx-SiNy rear stack deposited with an industrial
PECVD tool.

The degradation was performed by light-soaking either at 130 °C using halogen lamps
with 0.4 suns equivalent photon flux illumination intensity (wafers) or at 130 °C using a
960 nm laser with 40 suns intensity (cells). The extent of degradation at each stage was
monitored using PL imaging. Prior to the degradation, the B-doped cells were dark
annealed at 220 °C for 20 min to destabilize the BO-related defect [52].
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TIDLS measurements of the wafers were done using the custom made temperature-
dependent lifetime system described in Chapter 3 [97]. The lifetime was monitored before
and after the TIDLS (at 30 °C) to verify that no change was induced by the measurements.

In this chapter, the reported lifetime is the average of ten consecutive measurements.

A modified Suns-Voc system (see Fig. 6.1) was used to measure the cells. The system
allows measurements in the temperature range of 30 °C to 200 °C. An X5DR flash head
from Quantum Instruments was used as the excitation source. Suns-Voc measurements at
30 °C were performed before and after the temperature-dependent measurements to
verify that no changes are induced during the measurements. As pre-tests indicated that
averaging has only a negligible impact on the quality of the measurement, no averaging
was used for the Suns-Voc measurements. It is known that zetr can be extracted from Suns-

Voc measurements. First, An is extracted (for a p-type cell) using [37]:

|74
An(N, + An) = n? exp( Ocq> (6.1)
kgT
Using the system’s reference cell to determine the G, zeff can then be calculated:
_ An An
Teff = G — dAn _]scS B dAn (62)
dt qw dt

where Jsc is the short circuit current density of the cell at 1 Sun illumination and S is the
illumination intensity which is determined using the reference cell. To account for the
change in G with temperature, Jsc should be known at each temperature. Here, Jsc was
measured using a WaveLabs SINUS-220 I-V tester at eight temperatures in the 25 °C to
60 °C range. The temperature coefficient of Jsc was extracted from the linear fit to
determine its value at any given temperature. The possible spectral mismatch between the
flash lamp and WaveL abs excitation source is considered to be negligible for the current

purpose.

As mentioned in Chapter 2, the SRH lifetime of the dominant defect can be
determined by measuring the harmonic difference of the lifetime before and after
degradation. It should be noted that this procedure is not always necessary when wafers
are investigated, however, it is often crucial for cells as zother (and zsurface) in cells can be
similar in magnitude to the investigated defect [19-21]. Thus, it is highly important to
remove these effects by subtracting their contribution to the effective lifetime (here it is

assumed that they are not modified by the degradation process).
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Fig. 6.1. Schematic of the modified system for temperature-dependent Suns-Voc measurements.

6.2 Results and discussion

6.2.1 Investigation of BO-related defects in cells

In Fig. 6.2, the lifetime at 30 °C of a B-doped wafer (a) and cell (b) before and after
degradation, as well as the zuip curves (using the method described in Section 2.2) are
presented. As expected, the lifetime dropped after the light-soaking process, mainly at
low injection levels [40]. At An =1 x 10 cm3, the cell and wafer lifetimes reduced by
19% and 65%, respectively. The difference in the degradation extent can be explained by
the different initial lifetimes. The lower initial lifetime of the cells is probably due to
recombination in the heavily diffused regions and poorer surface passivation. The
difference in the extent of degradation can also be attributed to the different doping
densities and different firing conditions as it is known that the firing process can suppress
the generation of BO-related defects [154]. An important benefit of the proposed method
is highlighted in Fig. 6.2. Note the obtained high-quality lifetime measurements down to
An =1 x 10' cm via the Suns-Voc measurement in Fig. 6.2 (b). In comparison, the PC-
based measurements in Fig. 6.2 (a) seem to be impacted by artifacts (such as noise,
trapping, or DRM effect) below An = 2 x 10'* cm™3, limiting the range of data available

for subsequent extraction of the defect parameters (marked with a square).
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Fig. 6.2. Lifetime measurements at 30 °C of a B-doped (a) wafer measured with the PC-based method; and (b) cell
measured with the Suns-Voc method before (blue) and after (red) degradation, and the LID-related (green) lifetime
curves.

In Fig. 6.3 (a), the k-DPSS curves [40] corresponding to the BO-related SRH lifetime
in the range of —25 °C to 100 °C for a B-doped wafer are shown. The standard deviation
of the fitted k across all the temperatures at each energy level is presented in Fig. 6.3 (c).
The black dots at each bandgap half in Fig. 6.3 (a) are the [Et, k] combinations that provide
the lowest normalized standard deviation of k. In Fig. 6.3 (b) and Fig. 6.3 (d), similar
graphs for the B-doped cell measured in the range of 30 °C to 90 °C by the Suns-Voc(T)
system are shown. Since the lifetime of the cell starts to recover at temperatures higher
than 90 °C, the upper bound of the measurement is limited to this temperature. In both
cases of the wafer and cell, the intersection point between the k-DPSS curves is not very
sharp. This is assumed to be due to the temperature dependence of k resulting from the
temperature dependence of the capture cross-sections. Therefore, the lower standard
deviation associated with [E, K] of the cell compared to the wafer can be explained by the
smaller temperature range in the Suns-Voc(T) measurements. Another possible
explanation for the diffused interceptions is the noise associated with the lifetime

measurements.

The extracted defect parameters, [E:, k], for the wafer and cell are summarized in
Table 6.1. As mentioned before, the reported uncertainties are due to the temperature
dependence of k and possible measurement noise. Good agreement is obtained between
the extracted E: values for wafers and cells. Furthermore, the extracted E: in the upper
half is similar to the E; reported in Ref. [143] and slightly higher than E; determined by
Ref. [41]. Regarding the extracted k values for the wafer and cell, a small difference in
both bandgap halves can be observed. The difference between the extracted k values can
be explained by the lower degradation extent in the case of the cell. The harmonic

difference between the lifetime of the two states (not-degraded and degraded) is quite
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small and therefore is prone to measurement uncertainty. Another possible reason for this
difference is the smaller temperature range in the Suns-Voc(T) system. The uncertainty
associated with this limited temperature range will be investigated in Section 6.2.3. 1t will
be shown that the smaller temperature range is not the source of the observed difference
in the extracted k values. Compared with the literature, the value extracted from the wafer
is slightly lower than the k reported by Ref. [143] and in the range reported in Ref. [41].
For the cell, the extracted k value is higher than the values reported in both studies (18-
25% higher) [41, 143]. Overall, the extracted value of k agrees with the literature within
the expected uncertainty of the various methods. These results demonstrate the potential
of the proposed method to extract the defect parameters directly from solar cells. Hence,
it can be used in solar cell production lines without the need for sister wafers or special

sample preparation.
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Fig. 6.3. Top row: (a) k-DPSS curves of k for BO-related defect in a wafer; and (b) cell. Bottom row: (c) standard
deviation of the k-DPSS curves at each energy level for the wafer and (d) cell. The black dots are the calculated defect
parameters. The shaded areas indicate the uncertainty range associated with the fitting process.

Table 6.1. The energy level and capture cross-section ratio for BO-related defect in a wafer, in a cell, and previously
reported values.

Bandgap half ~ Parameter Wafer Cell Ref. [143] Ref. [41]
Ei—Ei(eV) -0.25+0.02 —0.25+0.02 - —0.22t0 0
Bottom
k 8.1+0.4 11.9+0.2 - 5-10
Unper E:—Ei(eV) 0.17+0.03 0.17+0.02 0.15+0.04 0to0.12
PP k 7.9+0.5 11.840.2 9.5 5-10
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6.2.2 Investigation of LID in Ga-doped cells

As discussed in Chapter 5, Ga has become the dominant doping element for p-type
silicon wafers for PV applications [13]. To improve the stability of solar cells fabricated
on Ga-doped substrates, it is important to investigate the defect causing LID in this
material. In Fig. 6.4, the lifetime at 30 °C of a Ga-doped cell before and after LID, as well
as zup are shown. At An=1x10%cm™3, the lifetime reduces by 8% (17% at
1 x 10 cm™3) which is lower than the reported degradation extent for the wafer in
Chapter 5 (60% at 1 x 10'° cm™3). The defect causing degradation in Ga-doped wafers
and cells has not yet been studied extensively. This difference in degradation might be
due to differences in doping densities, firing conditions, or the lower initial lifetime of the

cell compared with the wafer.

In Fig. 6.5 (a) and Fig. 6.5 (b), the k-DPSS curves and the corresponding standard
deviation curve as a function of energy level for a representative Ga-doped cell are
presented, respectively. Table 6.2 summarizes the extracted [Et, K] values as well as the
reported values in Chapter 5 for Ga-doped wafers and the reported defect parameters for
LeTID-related defects [96]. The extracted energy levels from the wafer and the cell match
well in the bottom bandgap half. However, in the upper bandgap half, the values have a
larger difference. This is partially related to the difference in the measurement
temperatures [40]. Since in both structures, the extracted energy level at the bottom
bandgap half has a lower standard deviation, it can be suggested that this is the more
likely solution. The extracted k values in both bandgap halves are slightly different
(~ 30%) which might be due to the factors mentioned previously i.e., lower degradation
extent in the case of the cell and different measurement temperature range. To separate
the impact of different sources of error on the extracted parameters, the &~-DPSS curves in
the 25 °C to 100 °C (from the same set used in Section 5.2.2) and 30 °C to 105 °C (cell)
temperature ranges are compared. The extracted E:— E;i values for the wafer are
—0.25+0.03 eV and 0.13+0.04 eV in the bottom and upper bandgap halves, respectively.
Moreover, the extracted k values for the wafer in the bottom and upper halves are
measured to be 23+2 and 22+2, respectively. The results suggest that by changing the
measurement temperature range of the wafer from —50 to 50, to 25 °C to 100 °C, the
difference in the extracted E; of is slightly reduced, while the difference in & is slightly

increased. These results suggest that the possible source of error for the investigated
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defect is the temperature-dependence of k& when extracting E; and the extent of the

degradation when extracting k.
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Fig. 6.4. Lifetime measurements at 30 °C of a Ga-doped cell measured with the Suns-Voc method before (blue) and
after (red) degradation, and the LID-related (green) lifetime curve.
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Fig. 6.5. (a) k-DPSS curves for LID-related defect in a Ga-doped cell; and (b) the standard deviation of the k-DPSS
curves at each energy level. The black dots are the calculated defect parameters. The shaded areas indicate the
uncertainty range associated with the fitting process. Candidate defects with parameters from the literature are plotted

as red dots [96, 137-140].

Table 6.2. Energy levels and capture cross-section ratios for the LID-related defect as extracted from the Ga-doped

wafer, cell, and values reported for LeTID-related defect parameters.

Bandgap half Parameter Wafer Cell LeTID [96]
Bottorm E—Ei(eV) —031£0.02 -0.26+0.04 —0.31+0.05
k 26+2 3442 46+16
Upper E.—E:(eV)  0.21+0.04 0.13+0.05 0.21+0.05
k 2542 3343 45+15

The [E, k] combination of defects with similar E; or k values as for the Ga-doped cell

is also shown in Fig. 6.5 (a). In the bottom bandgap half, the best matches are LeTID-
related defects [96], Tii*** [138], and Moi®* [137]. In the upper bandgap half, the best
match for the wafer is the LeTID-related defect (see Fig. 5.8) while no good match can
be found for the cell. As mentioned in Chapter 5, two £ values of 27 < k < 35 [85], and
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k =~ 26 [86] were recently reported for LID-related defects in Ga-doped Cz silicon, which
agrees with these findings. However, as the researchers did not use TIDLS, the energy
level has not been reported. Despite the good agreement between the extracted parameters
in the bottom half with the parameters of the LeTID-related defect, it has indicated that
the degradation of Ga-doped cells may not have the typical behavior of LeTID after DA
and stabilization processes [84]. Hence, further investigation is required to determine if
this defect is indeed similar to the LeTID-related defect.

The results from the characterization of defects in B-doped and Ga-doped cells
suggest that the Suns-Voc(T) method is highly beneficial for the characterization of defects
in cells without the need for the preparation of lifetime structures. This becomes more
important as the quality of wafers improves and a slight difference in processing steps
(between wafers and cells) might have an impact on the accuracy of extracted defect
parameters. A limitation of the developed method in its current state is the limited
measurement temperature range which will be discussed in detail in Section 6.2.3.
Another possible limitation of the proposed method is that the internal voltage and
terminal voltage are not always the same [155]. However, this effect is more dominant at
higher injection while the change in the lifetime due to the bulk defects mainly happens
in the low and medium injection ranges [23]. Another possible limitation of using the
proposed method is shunted cells or high recombination at the metal and silicon interface
[20, 156, 157]. The shunt resistance in modern industrial solar cells is often very high and
the silicon-metal recombination has been significantly reduced. It is predicted to be
reduced even further with the implementation of passivating contacts like tunnel oxide
passivated carrier-selective contacts (TOPCon) and heterojunction solar cells [158, 159].

These improvements make the use of Suns-Voc(T) for defect analysis more attractive.

6.2.3 Sensitivity analysis

A limitation of the Suns-Voc(T)-based TIDLS technique used in this study, compared
to lifetime-based TIDLS, is the limited temperature range of the tool and particularly the
inability to perform measurements below 30 °C. This is not a fundamental limitation of
the technique and can be removed by integrating a cooling stage into the system. The
possibility of introducing a systematic error in the extracted parameters due to this

limitation is discussed in this section. Besides the temperature range, the sensitivity
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analysis is expanded to further discuss the validity of extracted parameters from lifetime-
and Suns-Voc-based TIDLS measurements.

The systematic error is investigated by modeling the injection-dependent lifetime
curves with added artificial noise. SRH lifetime curves of a wafer with doping of
2.25 x 10 cm™2 (similar to the Ga-doped cells) were generated for 11,500 [E: K]
combinations within the E; — Ej range of —0.57 eV to 0.57 eV and k range of 0.01 to 100.
The defect density used for all the simulations is 1 x 10® cm™ with a fixed electron
capture cross-section of 1 x 1071® cm?2. To reproduce the actual lifetime curves, random
noise was added to the simulated curves. The noise used in this study is a random
Gaussian noise which is anticorrelated with the injection level (as in typical lifetime

measurements):

An
Twith noise = Twithout noise (1 + &.l0g ( Ar:lax>) (6.3)

where ¢ is a random noise with normal distribution and An,,,, is the highest excess
carrier density. As a result, the noise at the highest carrier density is zero and it increases
with decreasing the injection level. The average added noise level at the lowest excess
carrier concentration (at 0.01 of po) is 8%. This average noise is equal to the highest
measured deviation (for all of the samples and temperatures) between the fitted SRH
lifetime curve and the experimental lifetime data points (at 0.01 of po). Random noise is
used, so the lifetime curve changes after each iteration. The graph on the left in Fig. 6.6
presents the SRH lifetime curves of a defect with E; = —0.45 eV and k = 30 in the 0 °C to
100 °C temperature range (25 °C intervals) while the graphs on the right are four
consecutive simulations of the same lifetime curves with added noise. It is clear that the
lifetime curve at each temperature changes after each iteration, since the generated noise
in each iteration for each temperature is random. Since different lifetime curves lead to
different error maps, each simulation was repeated 50 times and the averaged errors were
used to generate the error maps. Further improving the maps requires a significant
increase in averaging (hence, computation time), considering that the noise level has an
anticorrelation with the square root of averages. As a result, 50 averages (~ 17 hours of
computation for 8 temperatures using a typical desktop computer) were done to generate

each of the [Et, k] combination maps.
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Fig. 6.6. Left: The SRH lifetime curves of a defect with E: — Ei = —0.45 eV and k = 30 in the 0 °C to 100 °C temperature
range. Right: The SRH lifetime curves for the same defect after adding random Gaussian noise.

Measurement temperature

Using the simulated lifetime curves, k-DPSS curves at different temperatures were
created and the defect parameters were extracted in each bandgap half. The error
associated with the extracted parameters was then determined from the comparison to the
input values. As mentioned, this procedure was repeated 50 times for each [E:, K]
combination and the averaged error is reported in the following figures. For Et, the error
is reported in eV (absolute error) while percentage is used to report the error for k (relative
error). The simulation has been performed in three temperature ranges: (a) 30 °C to 90 °C
(15 °C intervals) to consider the cases where bulk lifetime is overly sensitive to high-

temperature measurements, similar to the Suns-Voc(T) measurements of the B-doped cell;
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(b) 30 °C to 135 °C (15 °C intervals) as the typical temperature range of the Suns-Voc(T)
system; and (c) —30 °C to 135 °C (15 °C intervals) to represent the temperature range of
a lifetime-based TIDLS measurement. It should be noted that the reported error in this
section is different from the reported uncertainty (Table 6.1 and Table 6.2). Since the real
value is known, the calculated error is the difference between the real value and the
extracted value. The uncertainty, on the other hand, is the confidence interval associated
with the experimental data. It is due to both noise in measurements and temperature-
dependence of k, while for the error, only the noise is considered. Note that without noise,

the correct solution is determined across the entire simulated [E;, k] space (i.e., no error).

In Fig. 6.7, the error map of E; (a—c) and k (d—f) for the simulated lifetime curves are
presented. The [E, k] for the BO-related defect extracted from the B-doped cell (in the
upper bandgap half) is shown as a white circle while the [E;, k] of the LID-related defect
extracted from the Ga-doped cell (in the bottom bandgap half) is shown as a red circle.
The general trend of the error maps for both E: and k are similar in all three cases. In
general, near the mid-gap, the error of the extracted E; is higher than in other areas. The
high error associated with defect parameter extraction near mid-gap has been previously
reported [160]. For k, the region near the mid-gap with k between ~ 0.1 and ~ 50 has a
low error while outside this region, especially near the band edges, the error is relatively
high.

Comparing Fig. 6.7 (a) and Fig. 6.7 (b), it seems that increasing the upper limit of the
temperature from 90 °C to 135 °C reduces the error across the entire simulated range,
especially for defects near the mid-gap. Extending the lower bound of the temperature
further increases the accuracy of the extracted energy level, mainly near the band edges
when comparing Fig. 6.7 (b) and Fig. 6.7 (c). The error maps of k show a similar trend: a
wider temperature range lowers the error across the entire range. The high-accuracy
region of k (dark areas in the figures) is further expanded when the measurements are
extended to lower temperatures. It seems that the different temperature ranges do not
introduce a systematic error when extracting [E, k] values in most areas, meaning that
the Suns-Voc(T)-based TIDLS method is not limited by the temperature range in the
majority of the cases. The errors associated with the extracted E; and k for both BO-related
defect (white circles) and LID-related defect in Ga-doped cell (red circles) can be

estimated from the figures. It seems that only a very small difference in errors is present
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after changing the measurement temperature, of below 0.02 eV for E: and < 4% for k

(considering similar noise levels).
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Fig. 6.7. (a—c) Absolute error in the extracted E; and (d—f) relative error in the extracted k as a function of E: — Ei and
k for the simulated lifetime measurements in the temperature ranges of: (a, d) 30 °C to 90 °C; (b, €) 30 °C to 135 °C;
and (c, f) —30 °C to 135 °C. The white and red dots are the parameters of the BO-related defect and LID-related defect
extracted from B- and Ga-doped cells, respectively.

Generation of similar error maps can be helpful to better assess the validity of any
extracted parameters from TIDLS measurements (considering the expected defect
parameters, doping level, measurement temperature range, noise level, etc). It should be
noted that the error associated with temperature-dependent k is not considered in these
simulations. However, this is a fundamental limit that also affects lifetime-based TIDLS
measurements [40]. Moreover, this error can easily be added to the maps for the cases

where the temperature dependency of k is known.

DPSS curve type

It is interesting to notice that k can be extracted with a high level of accuracy around
mid-gap, despite the large error associated with Et¢. On the other hand, near the band
edges, the error in the determined k is relatively high. This difference in the error maps
associated with E: and k is mainly related to the two different types of DPSS curves,
denoted as continuous and split [40]. In Fig. 6.8, the k-DPSS curves in the 0 °C to 100 °C
temperature range (25 °C intervals) for three different defects are presented. The
parameters of these defects are stated in the caption. In the case of only continuous k-
DPSS curves, as shown in Fig. 6.8 (a), the intersection of the curves is not clear, making
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the extraction of E; challenging especially near the mid-gap region. However, as k is quite
constant across a wide range of E, the error associated with the k value is quite small. In
Fig. 6.8 (b), a set of split k-DPSS curves is presented. Unlike the previous case, K is
significantly changing, even with a very small change of E, leading to a large error in the
extracted k value while E; can be determined relatively accurately. The impact of having
both types of curves is shown in Fig. 6.8 (c). Having a mixture of continuous and split
curves can have a positive impact to reduce the uncertainty associated with the extraction

of the defect parameters from the TIDLS analysis.
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Fig. 6.8. k-DPSS curves generated from simulated SRH lifetime curves in the range of 0 °C to 100 °C with defect
parameters of: (a) continuous curves with Et— Ei=—0.2 eV and k = 0.1; (b) split curves with Et— Ei=-0.4 eV and
k =0.1; and (c) combined continuous and split curves with Et— Ei =—0.3 eV and k = 0.1.

Some of the sharp transitions from low error to high error regions observed in Fig. 6.7
error maps can be explained by the transition between the different types of DPSS curves.
In Fig. 6.9 (a) and Fig. 6.9 (d), the error maps of E; and k for the 30 °C to 135 °C
temperature range (15 °C intervals) are presented, respectively [identical to Fig. 6.7 (b)
and Fig. 6.7 (e)]. These maps are hatched in the areas with fully continuous DPSS curves
(blue), fully split DPSS curves (red), and at least one DPSS curve from each type (green).
Besides these maps, the error distribution in two energy level ranges denoted as mid-gap
(—0.285 eV 10 0.285 eV) and band edge (< —0.285 eV and > 0.285 eV) are also presented.
The distribution of the absolute error in energy level for the mid-gap and band edge are
shown in Fig. 6.9 (b) and Fig. 6.9 (c), respectively. Similarly, the relative error in k for
these two regions is shown in Fig. 6.9 (e) and Fig. 6.9 (f), respectively. These histograms
are fitted with a Kernel estimation of the probability density function, shown as solid

lines.

Energy level: The error in the extracted E; near the mid-gap is relatively high in Fig.
6.9 (a). This high error is shown as a peak in the error level of around 0.06 eV for the
fully continuous curves in Fig. 6.9 (b). The error is reduced towards the band edges. In

the mid-gap region, having a mixed type of DPSS curves results in relatively high error
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levels due to this type of DPSS curves being limited to low k values which have high
error levels in general. Moving towards the band edge region, the error increases [see Fig.
6.9 (a)], however, it is lower than the error in the mid-gap. This can be concluded from
the error distribution for the fully split DPSS curves in Fig. 6.9 (c), which has a second
peak around 0.03 eV and is almost without error levels higher than 0.05 eV.
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Fig. 6.9. (a) Map of the absolute error in the extracted E:. The hatched areas are areas with fully continuous (blue), fully
split (red), and the mixture of both (green) DPSS curves. (b) The distribution of the error in Etin the mid-gap (—0.285 eV
to 0.285 eV) and (c) band edge (< —0.285 eV and > 0.285 eV). (d) Map of the relative error in the extracted k. The
hatched areas are areas with fully continuous (blue), fully split (red), and the mixture of both (green) DPSS curves. (e)
The distribution of the error in the mid-gap (—0.285 eV to 0.285 eV) and (f) band edge (< —0.285 eV and > 0.285 eV).
The solid lines in (b), (c), (e), and (f) are an estimation of the probability density function.

Capture cross-section ratio: The least error in the extracted k is near the mid-gap for
k between ~ 1 and ~ 20 [Fig. 6.9 (d)]. As expected, the error level is very low when having
fully continuous DPSS curves which mainly happens in the mid-gap region [Fig. 6.9 (e)].
Similar to energy level, having mixed types of DPSS curves is not beneficial in this range,
since the mixed DPSS curves mainly happen at low k values with high error levels.
Moving from mid-gap to the band edge region, it becomes clear why fully split curves
are highly inaccurate for the extraction of k. A significantly high density of > 100% error
levels for the extracted k is visible for the fully split curves [Fig. 6.9 (d)]. Comparing this
error with the mixed error distribution, it can be suggested that having at least one
continuous DPSS curve is beneficial to significantly reduce the error in the extracted k
value. The results suggest that for accurate defect characterization, having a continuous
DPSS curve is crucial while having a split curve might be beneficial in some cases. Thus,

changing the measurement temperature or using a sample with a different doping density

127



Chapter 6

might be needed for some measurements. For the defects investigated here (both in the
mid-gap region), having fully continuous curves does not have a significant impact on the

accuracy of the extracted E: or k.

Besides the mentioned transitions, a high error area near the E: — Ej = —0.35 eV and
k < 0.1 is observed [marked with a red square in Fig. 6.9 (a)]. In Fig. 6.10 (a), the k-DPSS
curves in the 30 °C to 135 °C (15 °C intervals) for a defect in this area are presented. The
parameters of this defect are E; — Ei = —0.3 eV and k = 0.01. The corresponding standard
deviation curve of the k-DPSS curves is shown in Fig. 6.10 (b). The k-DPSS curves have
two crossovers, one near the band edge (wrong solution in the bottom half) and one closer
to the mid-gap (correct solution in the bottom half). As a result, two minima are observed
in the bottom half of the standard deviation curve. The two minima have a very close
standard deviation, shown in the inset of Fig. 6.10 (b), suggesting that in some iterations,
the energy level near the band edge is considered as the solution. Thus, the average error
corresponding to [Et, k] combinations in this region are higher than the neighboring areas.
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Fig. 6.10. (a) k-DPSS curves of a defect with E;t — Ei = —0.3 eV and k = 0.01 in the 30 °C to 135 °C temperature range;
and (b) the standard deviation of the k-DPSS curves at each energy level.

Temperature uncertainty

Uncertainty in the measured temperature can also have an impact on the extracted
parameters, as the calculated An is strongly correlated with the square of n; [see Eq. (6.1)].
As nj has a strong temperature dependency [106], a small error in the temperature
measurement can lead to a significant error in n; and thus, An. Therefore, the error is
assessed in the temperature measurements by measuring the cell temperature five times
at each temperature across the entire range of 30 °C to 135 °C (15 °C intervals) using two
thermocouples (k-type thermocouples from OMEGA) attached to the sample. The cell
was removed and put back on the stage after each measurement. In Fig. 6.11, the

measured and the average sample temperatures as a function of the set temperature
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reported by the software are presented. The measurement was done in the 30 °C to 135 °C
temperature range (5 °C temperature intervals). It is shown that the temperature does not
have a significant deviation even at the highest temperature with the highest deviation
being 2.8 °C at 135 °C and the highest standard deviation being 1.5 °C at the same
temperature. The average temperature deviation for all temperatures is 1.3 °C and the
average standard deviation is 0.6 °C.
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Fig. 6.11. The thermocouple-measured sample temperatures and their average, as a function of set temperatures. The
dashed line is the y = x function.

The standard deviation at each temperature was then considered as the error in the
temperature and deviated temperature was generated by adding this value to the real
temperature. Then, this deviated temperature was used to generate inaccurate n; and in
turn inaccurate An and lifetime curves for every set of defect parameters. The maximum
deviation in nj is 8% at 135 °C. In Fig. 6.12 the error maps of E: [(a—b)] and k [(c—d)] for
the simulated lifetime curves are presented. The error maps before and after considering
the error in the measured temperature are almost identical, indicating only a minor impact

of the small uncertainty associated with temperature.

Temperature intervals

To investigate the impact of more measurements (smaller temperature intervals) on
the error maps, two sets of measurements with different temperature intervals within the
same temperature range of 30 °C to 135 °C were simulated. The error maps for the 15 °C
intervals (eight temperatures) are presented in Fig. 6.13 (a) and Fig. 6.13 (d) while Fig.
6.13 (b) and Fig. 6.13 (e) show the maps for the 5 °C intervals for (22 temperatures). The
difference between the E: and k error maps are presented in Fig. 6.13 (c) and Fig. 6.13 (f),
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respectively. For E; the difference is reported as the absolute difference between values

while for k, the difference is reported in the form of percentage difference:

ER;, — ER
Dif ference = (ER i 2) .100 6.4)
ERy4

where ERk1 (ERk2) is the error in the extracted k from the DPSS curves with 15 °C (5 °C)
temperature intervals. In the difference maps, the positive areas (blue) mean that more

measurements result in a lower error while the negative areas (red) are the opposite.

More measurements tend to result in a decrease in the error in the extracted E: near
the mid-gap, while it increases the error near the band edges [Fig. 6.13 (c)]. Between
these two areas (especially at higher k values), an increase in the number of measurements

does not have a significant impact on the extracted E:.

Without error in temperature oV With error in temperature

ev
-04 -02 00 02 04 # -04 -02 00 02 04

0.16
014
012
0.10
0.08
0.06
0.04
0.02
0.00
Ec—E; (eV) E.—E; (eV)

% %

c) 10?

10?

~ 10°

1071

10° 1072 10°

54 62 00 02 04 54 82 00 02 04
E:—Ej(eV) Ec—E; (eV)

102

Fig. 6.12. Map of the (a, b) absolute error in the extracted E: and (c, d) relative error in k as a function of E: and k for
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For k, the same trend is observed. The results suggest that having more DPSS curves
is beneficial near the mid-gap, while it increases the error near the band edges, especially
at low k values [Fig. 6.13 (f)]. It should be noted that the presented maps are specific to
this investigated case and may differ based on the factors mentioned before (doping level,
measurement temperature range, noise level, etc). Thus, the optimum number of

measurement temperatures might differ for each case.
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6.3 Chapter summary

To better understand lifetime limiting defects in silicon cells, it is important to
characterize these defects and extract the defect parameters. One method for defect
characterization is to perform TIDLS measurements on silicon wafers. However, this
method is not viable for the characterization of completed solar cells and, in many cases,
only completed cells and not wafers are available for characterization. In this chapter, a
method based on Suns-Voc(T) has been introduced to characterize defects within

metalized cells.

First, the method was validated by comparing the parameters of the BO-related defect
extracted from a B-doped cell using the proposed method and from wafers using a
conventional lifetime-based TIDLS method. The extracted parameters were also
compared with reported values from the literature. Based on the results, it can be
suggested that this method has good accuracy for defect characterization within the

typical error range for DPSS analysis.

Then, the proposed method was utilized to extract the parameters of the defect causing
LID in the Ga-doped cells, and these parameters are compared with the parameters

extracted from Ga-doped wafers in Chapter 5. It was shown that the results are slightly
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different, which might be due to the different degradation extent in cells. Comparing the
extracted parameters with the values reported in the literature, LeTID-related defect is the
best match. However, it is also possible that the true defect has not been investigated

previously in the literature.

Finally, a sensitivity analysis of the technique revealed that the limited temperature
range of the system does not introduce a significant systematic error to the extracted
parameters. Thus, it can be suggested that the uncertainty in the extracted parameters is

mainly due to the factors which also affect lifetime-based TIDLS measurements.

This study demonstrates the potential of Suns-Vqc(T)-based TIDLS measurement as a
simple and accurate method for fast bulk defect characterization from metalized cells in
production lines. Combining this method with appropriate error map simulations further

improves the assessment of the extracted parameters.
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Summary and Outlook

7.1 Conclusions

To contextualize the importance of this thesis within the wider PV community: with
the continual improvement of silicon solar cell efficiencies through advanced surface and
contact passivation technologies, the quality of the bulk material becomes a key
limitation. Silicon wafer bulk quality has been improving rapidly and, with this

improvement, there comes a need to apply more sophisticated characterization methods.

The key aim of this thesis was to investigate bulk defects in p-type silicon wafers,
both recombination-active defects and traps. This was pursued by extending the
capabilities of established PC lifetime, PCD, and Suns-Voc methods, and developing new

methods for defect characterization.

In this thesis, two new methods are introduced to investigate the bulk. First, PCD
measurements were utilized to study the precursor of a recombination-active defect
directly. The direct assessment of precursors might have the benefit of higher sensitivity,
as indirect measurements can be affected by other factors besides defect generation.
Moreover, this method can be utilized to record other changes in the bulk, which do not
impact the lifetime but can be helpful to describe other observed phenomena. For the
second method, the parameters of recombination-active defects are extracted directly
from metalized solar cells using temperature-dependent Suns-Voc measurements. With the
significant decrease in the density of bulk defects, a small difference between lifetime
and cell structures can lead to inaccurate defect characterization. Thus, the extraction of
defect parameters directly from metalized cells is of significant value. The key findings
of each chapter are presented below.

In Chapter 3, PCD measurements were utilized to investigate the precursor of BO-
related defects. It was shown that a trap is acting as the precursor of this defect and the

trap density is reduced as the defect density increases. It was found that this trap has more
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than one energy level. The findings in this chapter demonstrate the unique potential of
PCD measurements to study defects in their non-active form. It also presents the
importance of trap studies for a better understanding of the electrical properties of silicon
wafers. These results confirm the previous findings with DL TS measurements, suggesting
the presence of a set of deep donor traps which act as the precursor of the BO-related
defects; transforming to recombination active shallow acceptor defects through

illumination.

In Chapter 4, the developed PCD measurement method was used to investigate traps
in B-doped mc-Si wafers. It was shown that a set of slow traps with a large decay time
constant are present in these samples. Further investigation of these traps showed that
they are temporarily removed with the firing process, while they are generated again after
DA or by keeping the samples at room temperature. Laser annealing of the samples
permanently removed the traps, however, no connection between the removal of traps
and generation of LeTID-related defects was observed. It was also shown that Fe or Ni
impurities are not the possible sources of this trap. By investigating a set of contrasting
mono-cast silicon wafers, it was concluded that the source of these traps is not

dislocations, but the grain boundaries.

In Chapter 5, LID in Ga- and In-doped Cz wafers was studied. First, the kinetics of
this degradation in both materials were investigated. Both the defect formation and
annihilation activation energies were measured. The focus then shifted toward Ga-doped
wafers as it is the more promising substitute for B-doped wafers. For the first time, the
defect parameters for the LID-related defect in Ga-doped wafers were extracted. In the
final section of this chapter, traps in Ga-doped wafers were studied using the PCD method
developed in Chapter 3. It was shown that this trap is annihilated with light soaking and
re-generated with DA. However, in contrast to the B-doped Cz wafers, it is likely that this

Ga-doped Cz wafer trap is not related to the LID-related defect.

In Chapter 6, a method for the direct characterization of recombination-active defects
in completed and fully metalized cells was developed. The method is based on Suns-Voc(T)
measurements and DPSS analysis to extract the defect parameters. The method was
verified using B-doped cells; the parameters of BO-related defects were extracted from
the cells and compared with: (i) the values extracted from lifetime structure; as well as

(ii) values reported in the literature. This novel Suns-Voc(T) method was subsequently
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applied to extract the parameters of LID-related defects in Ga-doped cells. These
parameters were compared with the values measured in Chapter 5, with the extracted
energy level in the bottom bandgap half being similar within the error range and k being
slightly different. In the last section of this chapter, a sensitivity analysis method was
conducted to evaluate the impact of the limited temperature range of the Suns-Voc(T)
measurement. It was shown that for the defects investigated in this chapter, the limited

temperature range is not introducing a systematic error.

7.2 Future work

The items below summarize potential directions for which the work done in this thesis

can continue:

1. To confirm the observations regarding the chemical composition of the complex
causing BO-related degradation, PCD measurements of samples with varying B and
O concentrations can be done. This will be a direct assessment of defect precursor
density to study the composition of the defect.

2. The observed BO-related trap has more than one energy level. There are no existing
methods for the extraction of the parameters of traps with multiple energy levels using
PCD measurements. A method to extract the parameters of the multi-level BO-related
traps can be developed.

3. The knowledge gained in this thesis can be used to investigate traps in non-silicon
materials. Due to the typically shorter time constant of traps in other materials, the
system might need larger data acquisition rates to record changes in PCD with higher
resolution.

4. It was shown previously, and also in this thesis, that various Ga-doped Cz wafers
demonstrate different LID behavior. Further investigation can be done to unravel the
reasons behind this difference. Moreover, the characterization of LID-related defects
in Ga-doped Cz wafers can be done with other methods (such as DLTS) to confirm
the extracted parameters from TIDLS measurements.

5. A systematic study regarding the impact of temperature range, signal noise level,
temperature dependence of k, doping level, etc. on the accuracy of the extracted defect
parameters from TIDLS measurements can be done using the sensitivity analysis

method developed in Chapter 6.
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