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Abstract

Multicrystalline silicon is the most commonly used material for solar cell applications
[1]. While being lower in cost, multicrystalline silicon wafers inherently contain crystal
defects such as grain boundaries and dislocations, and also have relatively high metal
impurity concentrations, which can act as strong recombination centres for excess
carriers, resulting in less efficient cells compared to monocrystalline silicon solar cells.
Understanding the recombination properties of multicrystalline silicon is therefore
important for improving the efficiency of multicrystalline silicon solar cells. This thesis
applies photoluminescence imaging technique [2] to study various carrier recombination

mechanisms in multicrystalline silicon materials.

Photoluminescence calibrated carrier lifetime imaging has been used throughout this
thesis to assess the lifetimes of inhomogeneous multicrystalline silicon wafers. A new
method for converting steady state photoluminescence images into carrier lifetime
images for silicon wafers with inhomogeneous lifetime distribution is presented. The
method is based on a calibration factor extracted from a separate, homogeneous,
monocrystalline silicon wafer and simple optical modelling of the photoluminescence
signal from both the calibration wafer and the test wafer. When applied on
multicrystalline silicon wafers, it is found that the lifetimes calibrated by the proposed
method are more consistent, in contrast to the lifetimes calibrated by the conventional
quasi-steady-state photoconductance based calibration method, in which the magnitude
and injection dependence of the lifetimes is observed to be sensitive to the choice of
reference area and affected by measurement artefacts, such as minority carrier trapping

effects [3, 4], in the quasi-steady-state photoconductance measurements.

Carrier recombination at grain boundaries is a major efficiency loss mechanism in
multicrystalline silicon solar cells. Accurate measurement of the recombination
properties of grain boundaries is essential for developing methods to reduce their impact
on the final cell performance. An approach for quantifying the recombination activities
of a grain boundary in terms of its surface recombination velocity, based on the
photoluminescence intensity profile across the grain boundary, is developed. This

quantity provides a more meaningful and absolute measure of the recombination



properties of a grain boundary compared to commonly used signal contrast methods [5],
which can strongly depend on other sample parameters, such as the intra-grain bulk
lifetime. The method also allows the injection dependence of the surface recombination
velocity of a given grain boundary to be explicitly determined. The proposed approach
is demonstrated on both double-side passivated wafers, both before and after
phosphorus gettering, and single-side passivated wafers with a strongly non-uniform
carrier density profile depth-wise. It is found that the latter allows more recombination

active grain boundaries to be analysed, extending the sensitivity of the method.

The approach is then applied to evaluate the recombination properties of a large number
of grain boundaries from different parts of a p-type boron doped directionally solidified
multicrystalline silicon ingot. The results show that varying impurity levels along the
ingot significantly impact the electrical properties of as-grown grain boundaries, and
also their response to phosphorus gettering and hydrogenation. Grain boundaries from
the middle of the studied ingot become more recombination active after either gettering
or hydrogenation alone, whereas grain boundaries from the top and bottom of the ingot
have a more varied response. Hydrogenation, in general, is much more effective on
gettered grain boundaries compared to as-grown grain boundaries. A close inspection of
their injection dependence reveals that while some grain boundaries exhibit little
injection dependence before gettering, others show a relatively large injection
dependence, with their surface recombination velocities increasing as the injection level
decreases. Grain boundaries of the former type tend not to be recombination active after
both gettering and hydrogenation, and are less likely to impact the final cell
performance in comparison with grain boundaries of the latter type. Moreover, distinct
sub-bandgap photoluminescence spectra were detected from grain boundaries that are
already active before gettering, and those activated by gettering, suggesting different
origins for their recombination activities. Lastly, the detrimental influence of grain

boundaries on solar cell devices is discussed with the aid of numerical simulations.

Recent development of the crystal growth technology has led to the production of
various types of multicrystalline silicon materials with great potential for high
efficiency low cost solar cells. Two notable examples of such are the n-type phosphorus
doped multicrystalline silicon and the seed-assisted growth high performance

Vi



multicrystalline silicon. Using techniques developed earlier in this work, a thorough
comparison of the electrical properties of conventionally solidified p-type, n-type and
high performance p-type multicrystalline silicon materials is performed. All studied
samples reveal reasonably high diffusion lengths (> 800 um) among the intra-grain
regions after gettering and hydrogenation, suggesting that the main performance
limiting factors are likely to be recombination at crystal defects. In addition to the
reduced amount of dislocations, grain boundaries in the high performance p-type
samples show lower recombination behaviour than those in the conventional p-type
samples. The electrical properties of multicrystalline silicon materials change
substantially after gettering and hydrogenation. While gettering significantly improves
the lifetimes of the intra-grain regions, it also increases the recombination rate of the
majority of the crystal defects. The effectiveness of hydrogen passivation varies
considerably among different materials, being more effective on the n-type samples than

the p-type samples.

The last section of this thesis demonstrates the use of the photoluminescence imaging
technique to study surface recombination in silicon wafers. The technique offers an
opportunity to monitor crystal orientations in multicrystalline silicon wafers through
photoluminescence imaging, utilising the observed correlation between surface
recombination and crystal orientation in thin, chemically polished and unpassivated
wafers. The technique is also applied on passivated samples, for characterising the
influence of crystal orientation on dielectric passivation. Application on thermally
grown silicon oxide passivated samples reveals that the studied silicon oxide films
provide a better passivation on surfaces with higher surface energy, such as (100) or
(106) surfaces, compared to those with lower surface energy, such as (235) or (111)
surfaces. The methodology proposed can potentially be applied to other dielectric films
to evaluate the orientation dependence of their passivation properties. The results of
such studies may allow a better understanding of the impact of various crystal planes to

recombination at textured surface.
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Chapter 1

Introduction

1.1 Motivation

Multicrystalline silicon (Mc-Si) is the most commonly used material in solar cell
production, currently accounting for more than 50% of the global market [1]. Mc-Si has
proven to be an economical solution for solar cells, giving an effective compromise
between high cell efficiency and low material cost. Mc-Si ingots are typically grown by
directional solidification in which molten silicon is solidified or cast in a crucible. This
process is considerably cheaper than the commonly used Czochralski process for
producing single-crystal silicon ingots where the silicon ingot is pulled from molten
silicon using a seed crystal. As a result of the ingot growth process, mc-Si material
inherently contains crystal defects such as grain boundaries (GBs) and dislocations, and
also relatively high metal impurity concentrations, originating from the less pure
crucibles and coatings, resulting in less efficient cells in comparison to solar cells

produced from single-crystal silicon materials.

The balance between efficiency and material cost appears to have shifted slightly in
favour of mc-Si over the past decade, as reflected from the market dominance of mc-Si
material in the total crystalline silicon production [1, 6]. This is particularly the case for
conventional solar cell architectures such as the screen-printed metallised full-area rear
alloyed cells. However, owing to the dramatic price reduction in the silicon feedstock
over the last few years, further significant reductions in module price are more likely to
be achieved by increasing the cell efficiency, through employing different device
structures such as the passivated emitter and rear locally diffused (PERL) [7] or
Interdigitated-Back-Contact (IBC) structures [8]. Such high efficiency solar cell
architectures have a higher requirement for material quality, and hence may not be as
successfully applied to typical mc-Si wafers. Understanding and improving the
electrical properties of mc-Si material is, therefore, very important for the material to

continue to play a major part in the photovoltaic industry into the future.
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Since the final cell performance strongly depends on the material quality, there are
continuing efforts to develop new ingot growth methods for higher quality mc-Si
materials. Fujiwara et al. [9, 10] proposed the dendrite growth method to obtain mc-Si
ingots with large grains and fewer GBs by inducing lateral dendrite growth along the
crucible wall through controlling the cooling speed at the initial stage of solidification.
The process, however, is difficult to control and requires further developments for
industrial applications. Instead of growing mc-Si ingot with large grains, it has been
shown that the solar cell efficiency can also benefit from the opposite approach, with
small grain size and significantly more GBs [11, 12]. It has been suggested that the
propagation of dislocation networks can be suppressed by the increased presence of
GBs of certain types, which act as alternative sites for stress release [11, 13]. Material
developed based on this concept contains smaller grains, larger amounts of GBs, and
lower numbers of dislocation clusters. It is commonly referred as ‘high performance’
multicrystalline silicon, and is now being deployed in mc-Si solar cell production, with
its market share expected to increase dramatically in the future. The international
technology roadmap for photovoltaic (ITRPV) [1] predicted that ‘high performance’

mc-Si will completely replace conventional mc-Si by 2020.

On the other hand, while most solar cells today are based on boron doped p-type silicon,
phosphorus doped n-type silicon has attracted increasing attention in the solar industry
recently. N-type monocrystalline silicon solar cells with efficiencies at or above 25%
have been reported by Sunpower [14, 15] and Panasonic [16]. A major advantage of n-
type silicon is that it does not suffer from light-induced boron-oxygen-related-
degradation [17, 18], as opposed to widely used boron doped Czochralski-grown (Cz)
silicon. N-type silicon also has higher tolerance to metal impurity contamination than p-
type silicon [19], potentially making it very suitable for mc-Si material which tends to
inherently contain higher metal contents. N-type mc-Si material therefore has the
potential for low cost high efficiency solar cells, although it has not been implemented

in industry.

Crystal defects such as GBs and dislocations significantly affect the efficiency of mc-Si
solar cells. They can act as strong recombination centres for excess carriers, and hence

can locally reduce the minority carrier lifetime. The recombination behaviour of crystal
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defects depends on the structure and geometry of the defects, the contamination levels
in the material, and their interactions [5, 20-27]. Although crystal defects have been
studied extensively in the literature, their underlying recombination mechanisms are still
not fully understood. Furthermore, it is also important to consider the influence of
phosphorus gettering and hydrogenation when evaluating the detrimental influence of
crystal defects on solar cell performance, given that gettering and hydrogenation are
incorporated in common solar cell fabrication steps during the formation of pn junctions
and firing of metal contacts. It has been shown that the recombination behaviour of
crystal defects changes after gettering [20, 23, 24, 28, 29] and hydrogenation [29-32].
Understanding the recombination behaviour of crystal defects and their response to
those two processes is important, as it allows the possibilities of identifying
performance limiting crystal defects and mitigating their detrimental effects during cell

production.

Moreover, apart from recombination through crystal defects within the bulk,
recombination at surfaces acts as another significant loss mechanism in solar cells.
Reducing the rate of surface recombination is essential for solar cells. The majority of
the current studies on surface passivation focus on monocrystalline silicon wafers. The
effectiveness of surface passivation in mc-Si material is less clear due to the random
crystal orientation in mc-Si. It has been reported that the passivation effectiveness for
certain dielectric films, such as silicon dioxide [33] or amorphous silicon [34, 35], can
indeed be influenced by the surface orientation.

This thesis aims to broaden the existing knowledge concerning various recombination
mechanisms in mc-Si. Owing to the inhomogeneity in mc-Si material, spatially resolved
characterisation tools are required to study mc-Si. This was traditionally performed by
mapping techniques such as microwave-detected photoconductance decay lifetime
mapping (u-PCD), electron beam induced current (EBIC) and light beam induced
current (LBIC). However, such mapping techniques are normally either time-consuming
or require a solar cell structure with metal contacts. In this work, we apply the
photoluminescence (PL) imaging technique to study recombination behaviours in mc-Si.
Major advantages of the PL imaging technique are that the measurement is rapid,
applicable to large area, and does not require a cell structure or a pn junction. These
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advantages allow our analysis to be performed based on a large sample size, which is

otherwise difficult to obtain with mapping techniques.
1.1 Thesis outline

Chapter 2 outlines fundamental concepts and experimental techniques that are used
throughout this thesis. The concept of carrier lifetime is first introduced, followed by a
review of various recombination mechanisms occurring in semiconductors relating to
the operation of a solar cell. The main characterisation techniques used in this thesis are
then described, namely, the quasi-steady-state photoconductance (QSSPC) lifetime
measurement technique, PL imaging, and Electron back-scatter diffraction (EBSD).
Special attention is paid to discuss the operating principles of the PL imaging technique,

along with its associated measurement artefacts and methods for reducing their impact.

Chapter 3 demonstrates a new approach for converting PL images into calibrated carrier
lifetime images for silicon wafers with inhomogeneous lifetime distributions such as
mc-Si wafers. The method is based on an optically-corrected calibration factor extracted
from PL and QSSPC measurements on a separate calibration wafer with homogeneous
lifetime. The principle of the method is first explained, and then is verified
experimentally using a set of monocrystalline silicon wafers with different doping,
thickness and reflectivity. A mc-Si wafer is used to demonstrate the difference between
the conventional calibration approach, where the PL signal is calibrated against a
QSSPC measurement on the test sample itself, and our proposed method. Factors
affecting the accuracy of the calibration processes are also discussed. The proposed
calibration method developed in this chapter is used throughout the remainder of the
thesis.

Chapter 4 focuses on GBs in mc-Si. The chapter presents a method based on PL
imaging and modelling of the PL intensity across a GB using two-dimensional finite
element analysis, to quantify the recombination strength of a GB in terms of the
effective surface recombination velocity (S;g). The surface recombination velocity
(S¢p) represents the intrinsic recombination properties of a GB in absolute terms, and
does not depend on other parameters such as the lifetime of the intra-grain regions, in

contrast to the commonly used signal contrast methods [5] for investigating GBs. The
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details of the modelling are first described. The method is then demonstrated on double-
side passivated mc-Si wafers, both before and after phosphorus gettering, and single-
side passivated wafers with a strongly non-uniform carrier density profile depth-wise.

The sensitivity limits and other practical constraints of the method are also discussed.

Chapter 5 applies the model developed in chapter 4 to compare the recombination
properties of a large number of GBs in p-type boron doped multicrystalline silicon
wafers with different contamination levels, and investigate their response to phosphorus
gettering and hydrogenation, aiming to obtain a better understanding of the origin of the
recombination activities of GBs. Wafers from three different sections of a commercially
grown p-type mc-Si ingot are studied. The different positions in the ingot lead to large
differences in the amount of metallic impurities in the wafers. The injection dependent
recombination behaviour of GBs is investigated as different decorating impurities may
give rise to different injection dependent recombination properties [19]. In addition to
band-to-band PL imaging, sub-bandgap PL emitted from several selected GBs is also
studied through applying micron scale photoluminescence spectroscopy technique at
low temperature (79 K). Lastly, the detrimental influence of GBs on solar cell devices

is discussed with the aid of numerical simulations.

Chapter 6 is an extension of the previous chapters, combining the techniques and
knowledge developed earlier to assess the electrical properties of various types of mc-Si
materials and identify the main performance limiting factors in mc-Si solar cells. The
chapter compares the recombination properties of conventionally solidified p-type and
n-type mc-Si wafers, and also the recently developed high performance p-type mc-Si
wafers. Three distinct regions of the wafers are examined in detail. These are the intra-
grain regions, the GBs, and the dislocation networks, along with their response to
phosphorus gettering and hydrogenation. The electrical properties of intra-grain regions
are assessed based on both the minority carrier lifetime and diffusion length. The
recombination activities of GBs are compared quantitatively in terms of their effective
surface recombination velocities, using methods presented in Chapter 4. The

recombination behaviour of dislocations is evaluated qualitatively based on PL images.

Chapter 7 applies the PL imaging technique to explore surface recombination in silicon

wafers with different surface dielectric films. The chapter begins with applying PL
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imaging to thin, chemically polished and unpassivated mc-Si wafers. It is found that the
PL intensity from such wafers is dominated by surface recombination, which in turn is
crystal orientation dependent. An approach for monitoring crystal orientations in mc-Si
wafers based on this correlation is proposed. The work is then extended to passivated
wafers. Two approaches for evaluating the influence of crystal orientation on surface
passivation are presented. The orientation dependent passivation effect of thermally

grown silicon oxide films is investigated through the proposed methods.

Chapter 8 summaries the results from previous chapters and suggests possible further

works.



Chapter 2
Carrier recombination in crystalline
silicon and characterisation

techniques

2.1 Carrier recombination in crystalline silicon

Solar cells operate by directly converting light energy into electrical energy. When
silicon is illuminated by light, photons with energy larger than the silicon bandgap are
absorbed. This provides energy for electrons to be excited from the valence band to the
conduction band, creating excess electron-hole pairs. The excess electrons and holes are
then collected at the metal contacts and fed to an external circuit. The excess carriers are
only able to exist for a limited time owing to electron-hole recombination, a process in
which excited electrons are relaxed back from the conduction band to the valence band
by releasing energy, resulting in the destruction of electron-hole pairs. Carriers that
recombine before reaching the metal contacts cannot contribute to the solar cell output.
The term ‘minority carrier lifetime’ of a semiconductor, denoted by 1, is the average
time a minority carrier can stay in an excited state after electron-hole generation before

recombining. For p-type silicon, it is given by:

= — 2.1
™= (2.1)
Where 7,, denotes the minority carrier (electron) lifetime. An is the excess minority

carrier concentration and U is the recombination rate.

The minority carrier lifetime is one of the most important parameters for solar cells. It is
an intrinsic property of a material, reflecting its electrical quality. The minority carrier

lifetime is sometime referred as ‘recombination lifetime’ and is usually the combined
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result of wvarious independent recombination processes. There are three main
fundamental recombination mechanisms in silicon, namely radiative recombination,

Auger recombination and recombination through defects.

2.1.1 Radiative recombination

[ ) C.B.
Photon

UV~

@ V.B.

Figure 2.1 — The electron-hole interaction for radiative recombination.

Radiative recombination is the reverse of the optical absorption process described above
[36]. An electron in the conduction band recombines with a hole in the valence band.
During the process, a photon with energy equal to the bandgap of the material is emitted.
The net radiative recombination rate U,,4 IS proportional to the product of both the

electron and hole concentrations. Assuming charge neutrality (An = Ap), it is given as:
Uraa = Braa X (pn — n;?) = Bygg X (NA/D + An) X An (22)

Where n and p are the electron and hole concentrations, and B,,; the radiative
recombination coefficient. N, is the density of acceptors and donors respectively.
B,qq Can be calculated from the absorption coefficient for band-to-band transitions and
is found to be 4.73 x 10715 cm3s~! at 300 K in crystalline silicon [37]. Substituting

equation 2.2 into equation 2.1, the radiative recombination lifetime is given by:

1
Braa X (Najp + An)

(2.3)

Trad =

In direct semiconductors, such as GaAs, radiative recombination is a significant

recombination mechanism. Radiative recombination can be, in some cases, preferable
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and is utilised for light-emitting diode (LED) or laser applications. In indirect
semiconductors, such as silicon, the rate of radiative recombination is extremely low
when compared to Auger recombination and recombination through defects. Thus it is
unlikely to impact the overall recombination lifetime. Nevertheless, radiative
recombination is utilised in various characterisation techniques in silicon and other
semiconductor materials. One of the examples is the photoluminescence (PL) imaging
technique, which is the primary characterisation tool used in this thesis.

2.1.2 Auger recombination

Figure 2.2 — Auger recombination with the associated excess energy given to an electron in the

conduction band.

Auger recombination occurs when an electron recombines with a hole by releasing the
excess energy to a third charge carrier (either an electron in the conduction band or a
hole in the valence band) [36]. The Kinetic energy given to the third charge carrier is
lost as phonons (heat) as the excited carrier relaxes to its original energy state via
‘thermalisation’. For Auger recombination, three charge carriers, either two electrons
and a hole or two holes and an electron, are involved. Hence, the recombination rate is
proportional to the product of the concentrations of all three carriers. The net Auger

recombination rate Uy, 4 is given as:

UAuger = Cn X (nzp - niz) + Cp X (npz - niz) ( 24 )
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Where C,, and C, are the Auger recombination coefficients. C, X (n*p — n;?) represents
recombination processes involving two electrons and one hole. C, X (np? —n?)
represents recombination processes involving two holes and one electron. Early values
for the Auger recombination coefficients are those reported by Dziewior and Schmid
[38] with C, =2.8x 1073 ¢m®s~" and C, =9.9 x 10732 cm®s~' . The Auger

recombination lifetime can be expressed as:

For n-type material:

1
fauger = ¢ (Np + An)Z + C,(Np + An)An (25)
For p-type material:
1
(26)

fauger =0 (N, + An)2 + Cp(N, + An)dn

Note that equations 2.4 - 2.6 only provide simplified expressions for Auger
recombination. In reality, Auger recombination is more complex. Factors such as
Coulomb interactions between charge carriers [39, 40] and phonon participation [41,
42] can all impact on the Auger recombination rate, making it difficult to theoretically
determine the Auger recombination parameters. Thus, an empirical parameterisation
based on experimental measured lifetimes is often used instead to describe the Auger
recombination rate, such as those determined by Kerr and Cuevas [43] and Richter et al.
[44].

It should be noted that both radiative recombination and Auger recombination are due to
intrinsic physical processes in the material, hence their presence is unavoidable [45].
However, unlike radiative recombination, Auger recombination often contributes
significantly to the overall effective lifetime in silicon, particularly at high injection
levels, or in the heavily doped regions of solar cells, in which the recombination is
sometime referred as emitter recombination. At lower injection levels, especially for
mc-Si with relatively high impurity or defect content, the carrier lifetime is usually

limited by recombination through defects, as described in the following section.

10
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2.1.3 Recombination through bulk defects

................................................................

.........................

Figure 2.3 — Two step recombination process through a defect level within the forbidden gap of a

semiconductor.

Crystal defects and impurities introduce energy states or so-called defect levels within

the silicon bandgap. These defect levels enable a very effective two-step recombination

process in which a free electron in the conduction band first makes a transition into the

defect level and then relaxes into the valence band through recombining with a hole [36].

During the transitions, the excess energy is dissipated as phonons (or in some cases as
photons). The recombination rate depends on the electron and hole concentrations, as

well as the properties of the defects, and their densities. The net recombination rate can

be modelled by Shockley-Read-Hall (SRH) statistics [46, 47] and, for a single defect

level, is given as:

_ vinly(np —n?) _ np = n;?
SRH ntm PP Tp(n+ng) + Tro(p + 1) (2.7)
oy On

Ty and 7, are the capture time constants of electrons and holes and are given as:

1 1

T Tno

PO (28)

= —’ _— —
NTGthh NTGnvth

Where o, and ), are the capture cross sections of electrons and holes, v, is the thermal

velocity of the charge carriers, and N, denotes the density of the defect.

11
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n, and p, are the electron and hole densities when the Fermi level coincides with the

energy level of the defect (E7), and are given by:

Er — Ec _ Ec —Eg — Er
kT )’ pl - NVeXp( kT

ny = Ncexp( ) (2.9)
Where N, and Ny, are the effective densities of state at the conduction and valence band
edges. E; and E; are the conduction band and band-gap energies. The SRH lifetime is

given as:

An

USRH

(2.10)

TSRH =
The SRH statistics can be used to model the recombination behaviour of a given

impurity. Table 2.1 summarises the energy level and the electron and hole capture cross

sections of several commonly found point-like metal impurities in silicon.

Table 2.1 — Recombination parameters of various commonly found point-like metal impurities in
crystalline silicon at room temperature. Int. and Sub. denote interstitial and substitutional
impurities respectively. D. Donor and D. Acceptor denote double donor and double acceptor

respectively.

Impurity La’_ctice Type Energy o, o, Ref.
site (eV) (em?) (cm?)
Cr Int. Donor E-—024 24x107* 0.8x10"1 [48]
Fe Int. Donor E, +038 13x107* 7.0x1077 [49,50]
Ti Int. D.Donor E,+0.26 15x107% 3.7x10"Y [51]
Au Sub. Acceptor E.—0.55 14x1071® 76x1071° [52]
Zn Sub. Acceptor  E, +0.33 1.5x107' 44x10"'>  [53]

Sub.  D.Acceptor E;—0.47 13x107Y 6.6x1071  [53]

Note that SRH recombination behaviour is often strongly injection dependent and can

be significantly different in p-type and n-type silicon, depending on the electron and

12
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hole capture cross sections of the defects. Interstitial iron is one of the most commonly
found metal impurities in mc-Si, it exhibits a deep level within the silicon bandgap and
has a much higher electron capture cross-section than hole capture cross-section. Figure
2.4 shows the simulated SRH recombination lifetime for p-type and n-type silicon (with
a background doping of 1 x 102 cm™3) containing 1 x 1012 ¢m™3 of interstitial iron.
The SRH statistics suggest that interstitial iron has a more detrimental influence in p-

type silicon than n-type silicon at low injection levels, which is in agreement with

experimental observations [19].

10004 mun

100

SRH Lifetime, ps

Y
o

——p-type Si,N, = 12X 10 cm? |
n-type Si, N, = 1.2 X 10 em” |

—

R TR T e T
Excess Carrier Density, cm™

Figure 2.4 — Simulated SRH recombination lifetime for p-type and n-type silicon containing

1 x 1012 em~3 of interstitial iron.

2.1.4 Surface recombination

Allowed

—— & energy levels

Q ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o V.B.

Figure 2.5 — Surface or defect states lying within the forbidden gap of a semiconductor at the

surfaces or grain boundaries of a semiconductor.
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The surfaces of silicon represent a severe discontinuity in the crystal lattice, resulting in
a large number of unsaturated (‘dangling’) bonds [54]. Some of these dangling bonds
can give rise to a large density of defect levels within the silicon bandgap, facilitating
recombination. Unlike bulk SRH centres described above, these defect levels do not
usually occupy a single energy state, but rather exist as many allowed states distributed
throughout the bandgap, as shown in Figure 2.5. In principle, the rate of surface
recombination can also be modelled using SRH statistics [46, 47], through replacing N
with D;;(E) (the density of interface traps at a given energy) and integrating over the

entire bandgap [55]:

Ec )
Ue = f Vth(nsps_ni )
s ns+n1+ps+p1

Ev op(E) ~ on(E)

Dy (E)dE (2.11)

Where n; and p; are the surface concentrations of electrons and holes. o, (E) and g, (E)
are the electron and hole capture cross sections for each defect level. While equation
2.11 is comprehensive, determining the energy dependent D;;(E), o,(E) and o, (E) is
not trivial. It is more typical to describe the overall surface recombination rate in terms

of the effective surface recombination velocity S, according to:

Where Ang is the excess carrier concentration at the surface. The effective surface
recombination velocity S, combines all surface defect parameters described in
equation 2.11 into one single parameter, which is very useful for quantifying and
comparing surface recombination. Note that owing to the nature of SRH statistics [46,

47], as shown in the previous section, S, ¢ can be injection dependent.

Analysing the impact of surface recombination on the overall effective lifetime (Section
2.1.6) can be complicated, as it depends not only on the surface conditions, but also
other factors such as the bulk lifetime. A detailed analysis can be found in Aberle [55].
For a special case where the excess carrier concentration is uniform depth-wise

throughout the sample, a condition that usually applies when the bulk lifetime is high

14
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and S¢r is small, the overall effective lifetime can be related to the effective surface

recombination velocity according to:

1 1 2§
= e (2.13)
Teff Tp W

Where 7, is the bulk lifetime and W the sample thickness. Based on equation 2.13, one
can extract the S.rr value of certain passivating layers from an effective lifetime

measurement. The method is described in detail in Chapter 7, in which the influence of

crystal orientation on surface recombination is investigated.
2.1.5 Grain boundary recombination

Grain boundaries (GBs) are interfaces separating two dissimilarly oriented crystals
(grains) of the same phase in polycrystalline materials. In addition to dangling bonds at
the interface, metal impurity decoration at GBs also leads to localised defect states
within the silicon bandgap, which act as recombination centres for carriers. The
recombination behaviour of GBs is similar to those at surfaces. Equation 2.12 can be
applied to describe GB recombination. However, owing to the fact that GBs are located
locally within the bulk rather than at the surfaces, extracting the recombination rate of
GBs is more complex and cannot be done using a simple expression like equation 2.13.
A method for determining the effective surface recombination velocity of a GB (S;5)
based on PL imaging technique is presented in Chapter 4. This section outlines
fundamental concepts and terms relating to descriptions of the GB geometry. It has been
shown that the recombination properties of a GB are strongly influenced by its
geometry [5, 20, 31].

15
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2.1.5.1 Grain boundary geometry

BOUNDARY
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Figure 2.6 — A schematic illustration of two crystal lattices forming a GB, assuming the lattices are able to

interpenetrate each other (figure adapted from Randle [56]).

Figure 2.6 shows a schematic illustration of two crystal lattices forming a GB. To
visualise a GB, the two grains are assumed to be able to interpenetrate each other. A GB
has five macroscopic degrees of freedom and therefore requires five parameters to fully
define its geometry. The first three degrees of freedom describe the orientation
relationship of the two neighbouring grains forming the GB. Lattice 2 can be imagined
as a rigid body rotation of lattice 1, that is, the relative position of lattice 2 can be
achieved by rotating lattice 1 through a certain angle along with a specific axis. These
axis [UVW] and angle (0) are referred as the axis and angle of misorientation of a GB.
Note that the axis/angle description alone does not fully define the geometry of a GB,
but only the orientation relationship with the neighbouring grains. A GB can located
anywhere within the interpenetrating region (dotted volume in Figure 2.6). The actual
position of the GB plane, defined by the coordinates of its normal with respect to one of
the grains (N; or N,), takes up the remaining two degrees of freedom, combined with

the axis/angle description, to fully describe the geometry of a GB.

Although five degrees of freedom are required to fully define a GB, it is common to
describe a GB only in terms of the relative orientation of the neighbouring grains,

ignoring the position of the GB plane. This is because the misorientation angle/axis
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description is directly related to frequently used data analysis methods such as the
Coincidence Site Lattice (CSL) classification, as explained below. Moreover, the
determination of the GB plane is generally more difficult and requires extra sample

preparation, as shown in the succeeding section (Section 2.2.3).

2.1.5.2 Coincidence Site Lattice

(azo ..“ o

Figure 2.7 — (a) A GB formed by two lattices misoriented by 36.87° along the axis [100]. (b)
Superposition of the two lattices in (a), assuming atoms from both lattices can interpenetrate into
each other. The atoms from lattice 1 and 2 are represented by red and blues circles respectively.

Black circles denote coincident sites where the atoms from both lattices overlap.

The coincidence site lattice (CSL) scheme is one of the most commonly used models
for the categorisation of GBs. A GB, in principle, can be constructed with any random
combinations of misorientation angle/axis. CSL GBs belong to a subset of GBs which
have a special geometry, with certain specific combinations of misorientation axis/angle.
These specific combinations of misorientation axis/angle introduce periodically
coincident sites in the interfacing lattice. CSL GBs are classified by its associated sigma
(¥) notation, where X is the reciprocal density of the coincident sites. The concept of
CSL can be illustrated using two interpenetrating lattices. Figure 2.7(a) shows a GB
formed by two lattices misoriented by 36.87° along the axis [100], view down from the
top. [100] is perpendicular to the plane of the paper. The atoms from lattice 1 and 2 are
represented by red and blue circles respectively. Upon superposition of these two

crystals (imagining atoms from both lattices can interpenetrate into each other), there

17



Chapter 2: Carrier recombination in crystalline silicon and characterisation techniques

will be some coincident sites where the atoms from both lattices overlap, denoted as
black circles in Figure 2.7(b). It can be seen that, for this chosen pair of misorientation
axis/angle ([100]/36.87°), every fifth position in the lattice is a coincident site. GBs
formed by this misorientation configuration are denoted as CSL X5 GBs. Table 2.2
outlines the angle and axis of misorientation for the most frequently found CSL GBs in
mc-Si [56, 57].

Table 2.2 — Angle and axis of misorientation for frequently found CSL GBs in mc-Si [56, 57].

) 6° uvw
60° [111]

38.94° [110]

27a 31.58° [110]
27b 35.42° [210]

Note that the CSL model only describes the misorientation between the neighbouring
grains forming the GB, but not the actual positon of the grain boundary plane. The
position of the boundary plane governs the density of coincident sites that actually occur
in the GB plane itself (denoted as o in Figure 2.6), which is more physically related to
their electrical properties compared to the overall lattice coincidence (represented by the
¥ value) [56, 58, 59]. A high density of coincident sites in the boundary plane is
necessary for the formation of a low energy interface structure [60, 61]. The
significance of the CSL model is that the periodic coincidence in the GB plane can only
be reproduced if the two interfacing lattices contain coincident sites, or in another word,
if the GB is a CSL GB. However, a £3 GB does not necessarily guarantee a high
density of coincident sites in the boundary plane as it also depends on the position of the
boundary plane. It has been reported that £3 {110} or £3 {112} GBs are much more
recombination active than ¥3 {111} GBs [62, 63]. Randle [60] suggested that the CSL
and Z notation is only meaningful if there is a high density of coincident sites in the
grain boundary plane. Moreover, CSL GBs only represent a portion of the total GBs. In
an actual mc-Si sample, there is a large number of GBs that cannot be classified
according to the CSL index, as they do not contain any coincident sites. Such GBs,
often denoted as random angle (RA) GBs, also have a strong influence on the electrical

properties of mc-Si materials and hence should not be neglected.
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2.1.6 The effective lifetime

Within the silicon bulk, radiative, Auger and SRH recombination mechanisms occur
simultaneously in parallel. The total bulk recombination rate is the sum of each

individual recombination rate.
Upuik = Uraa + UAuger + Usgy (2.14)

The bulk lifetime can be expressed as:

1 1 1 1
i + + (2.15)
Tp  Trad TAuger TSRH

The overall effective lifetime depends on both the bulk lifetime and the surface

properties and is given as:

1 1 1
=—+— (2.16)
Terr Tp Ts

Where 7, is the equivalent ‘surface lifetime’. In actual solar cells or diffused samples,
there is a heavily doped region or regions at the surfaces of the silicon. Auger
recombination in the heavily doped region, so-called emitter recombination, could also

impact the effective lifetime. For such samples, equation 2.16 is modified as:

1 1 1
=—+ (2.17)
Teff Tp Temitter

Where T itrer 1S the equivalent recombination lifetime in the heavily doped region,

including the influence of surface recombination.

The effective lifetime combines different recombination mechanisms and represents the
overall recombination properties of a material, hence is directly related to the solar cell
performance. The effective lifetime can be directly measured with various lifetime
measurement techniques, as described in detail below. However, care must be taken

when interpreting the effective lifetime. For example, when evaluating bulk defects, it is
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necessary to ensure that the measured effective lifetime is not limited by surface

recombination.

Different recombination mechanisms exhibit distinctive injection dependence, hence
their impacts on the effective lifetime vary significantly at different injection levels. At
low injection, the effective lifetime is usually dominated by SRH recombination,
especially in mc-Si which contains a relatively high defect content. The impact of SRH
recombination on the effective lifetime decreases at high injection levels, in which the
effective lifetime is often limited by Auger recombination. At moderate injection levels,
both SRH, emitter and surface recombination contribute to the effective lifetime, with
their relative significance depending on their actual recombination parameters, such as
the impurity content, the surface recombination velocity or the diffusion profile. As
mentioned above, radiative recombination is generally negligible when compared to

these other recombination mechanisms.

Note also that the effect of GB recombination is not easily incorporated in the above
representation. This is due to the fact that unlike other bulk recombination mechanisms,
which occur uniformly within the bulk, GB recombination occurs locally at certain
regions within the bulk. Their contribution to the overall lifetime performance depends
on various other parameters such as the spatial distribution of the GBs, and the diffusion
length of carriers in the bulk, and hence requires equation 2.14 to be implemented in 2
or 3 dimensions. The overall influence of GB recombination on solar cell performance

is discussed in more detail in Chapters 5 and 6.
2.2 Characterisation techniques

This section introduces characterisation techniques that are used throughout this thesis

for evaluating carrier recombination in mc-Si.

2.2.1 Quasi-steady-state photoconductance lifetime

measurements

Quasi-steady-state photoconductance (QSSPC) lifetime measurements, developed by

Sinton and Cuevas [64], is a specific type of photoconductance based technique which
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allows the injection dependence of the minority carrier lifetime to be explicitly
determined. It is rapid, non-destructive and does not require a cell structure with metal
contacts, making it very suitable for characterising silicon wafers. It determines the
minority carrier lifetime by measuring the increase in the conductance of an illuminated
sample caused by photo-generated excess carriers. The excess conductance Ao is related

to the excess carrier density by:
Ao = q(upAp + unAn)W (2.18)

Where q is the electron charge. An and Ap are the average carrier densities of the photo-

generated electrons and holes, and M, and p_ are the hole and electron motilities, which

can be determined from a suitable carrier density dependent mobility model [65, 66]. In
the absence of minority carrier trapping, as described in detail below (Section 2.2.1.1), it
Is possible to assume equal excess carrier concentrations for electrons and holes
(An = Ap). In such a case, the average excess carrier concentration can be expressed

as:

Ao

An=——
q(1p + 1n)W

(2.19)

Based on the continuity equation, the net rate of change of excess carrier concentration
equals the difference between the light induced generation rate and the recombination

rate:

dAn
2.20
I =G-U ( )

Rearranging for U and substituting it into equation 2.1 yields:

An
Teff = dAn (2.21)
T

In QSSPC lifetime measurements, a slowly decaying light source is used to illuminate

the sample. If the decay is slow enough to ensure that the rate of change of excess
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carrier concentration is negligible compared to the generation rate, then steady state

effectively prevail. Under such conditions, equation 2.21 becomes:

An(t)

Teff = G(t) (222)

Upon the slowly decaying illumination, An at each time step can be determined from
each measured value of Ao, which then can be used to calculate the effective lifetime
based on equation 2.22, given that the generation rate is known. The generation rate can
be calculated based on the optical properties of the sample and the incident flux,

according to:

_(-Rpx¢

< (2.23)

G

Where ¢ and R, are the incident photon flux as measured by a calibrated reference cell,

and the reflectivity of the front surface. In this work, a Sinton Instruments WCT-120
lifetime tester is used for performing QSSPC lifetime measurements.

2.2.1.1 Minority carrier trapping

QSSPC measurements are simple and straightforward, however, they sometimes suffer
from measurement artefacts at low injection, leading to a significant overestimation of
the measured lifetime. This section describes one of the most commonly found
measurement artefacts in QSSPC measurements when measuring lifetimes in mc-Si

wafers: minority carrier trapping effects [3, 4].

Minority carrier trapping is caused by the presence of shallow defect levels, also known
as trap levels, within the silicon bandgap. These shallow defect levels have a relatively
small capture cross section for majority carriers and hence do not effectively contribute
to recombination, as opposed to defect levels described above in Section 2.1.3 . Instead,
they capture minority carriers for a certain period of time and then release them back to
the band from which they were captured. As a result, a proportion of the light generated
minority carriers are trapped within these defect levels. Using p-type silicon as an

example to illustrate the influence of such traps, the total number of light generated
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electrons equals the sum of electrons in the conduction band and those trapped in the

shallow defect states.
ANgeneratea = Ne + AN (2.24)

Where Angeneratea 1S the total light-generated minority carrier concentration. An
represents the electron concentration in conduction band. n, denotes the concentration
of carriers that are trapped within the shallow defect states. Owing to charge neutrality,
the total excess carrier concentrations for electrons and holes are equal, and it follows
that:

Ap = Angeneratfe'd =n;+A4An (2.25)
Substituting Ap in equation 2.18 and rearranging yields:
Ao = qAn(up + un)W + qnep, W (2.26)

Comparing equation 2.18 and 2.26, it can be seen that although the traps do not
contribute to recombination, they affect the photoconductance of a sample. Owing to the
presence of traps, calculating the effective lifetime based on equation 2.18 can lead to a
significant overestimation of the lifetime. This is particularly the case at low injection
when n; is comparable to An. Note that the influence of minority carrier trapping
depends on the densities and properties of the trap levels, and hence depends strongly
on material quality. The effect of minority carrier trapping is more substantial in mc-Si
than monocrystalline silicon as mc-Si tends to contain a higher impurity and defect
content, which can act as trap levels. The effect of trapping on QSSPC lifetime
measurements can be reduced or partially corrected with the use of a “bias-light” term
to subtract out the underlying photoconductance due to the traps, as suggested by Sinton
[67, 68].

2.2.2 Photoluminescence Imaging

Photoluminescence (PL) imaging is a spatially resolved characterisation technique

which allows the excess carrier density within a silicon wafer or solar cell to be imaged,
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by capturing the spontaneous emission of photons in an optically excited silicon wafer
or solar cell with an infrared camera. Given its rapid, non-destructive and contactless
nature, it is suitable for a variety of different applications, such as for imaging carrier
lifetime [2, 69, 70], series resistance [71, 72], shunt resistance [73, 74], doping density
[75], and interstitial iron concentration [49]. A major advantage of PL measurements, in
general, is that they are unaffected by measurement artefacts at low injection such as
minority carrier trapping [3] and depletion region modulation (DRM) [76] effects, in
contrast to photoconductance based methods such as the QSSPC technique. This allows
PL-based lifetime measurements to be performed at true low injection levels. In this
thesis, PL imaging is applied to evaluate carrier lifetime, GB recombination behaviour
and surface recombination in mc-Si. The details of the methods are presented in
Chapters 3, 4 and 7 respectively. As a reference, this section describes the basic
operating principles of the PL imaging technique and discusses various measurement

artefacts which can impact the accuracy of PL measurements.

The PL intensity I, which is a measure of the spontaneous emission of photons from
the semiconductor, is related to the rate of radiative recombination U,.,4. Under steady

state conditions, and assuming a uniform carrier profile depth-wise, it is given as:
Ip, = A X Brgg X (pn)=A X Byqq X (Ny/p + An) x An (2.27)

Where A is a scaling factor which can be determined experimentally. Equation 2.27
shows that the measured PL intensity is directly related to the excess carrier density An
in the material. Given that PL intensity is usually measured only in relative units, for
quantitative studies, it is often necessary to convert the raw PL signal into an absolute
excess carrier concentration. This calibration process requires the determination of the
product of A and B,.,4 Via an independent method, and it is commonly performed using
QSSPC lifetime measurement. The calibration process is described in detail in Chapter
3.

As mentioned above, PL imaging is immune to minority carrier trapping at low
injection [77]. This is due to the fact that PL intensity is proportional to the product of p

and n. As long as the background doping of the sample significantly exceeds the density
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of trapped carriers, a condition that is usually satisfied in mc-Si, the influence of
trapping is negligible and the emitted PL intensity for samples with or without trapping

is identical.
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Figure 2.8 — Schematic of the PL imaging system used in this work.

PL images in this work were obtained with a BT Imaging LIS-R1 tool. A schematic of
the system is shown in Figure 2.8 . A monochromatic laser at 808 nm is used for carrier
excitation. The incident photon flux is controlled by varying the applied voltage to the
laser and the illumination area (either 165 mm X 165 mm or 35 mm X 35 mm),
achieving 0.1 — 10 suns equivalent conditions. PL images were captured with a one
megapixel silicon charged-coupled device (CCD) camera, with an acquisition time
varying from 0.1 s to 30 s. A long pass filter with a cut-off wavelength at 980 nm is
equipped in the imaging lens to filter the reflected laser light. Illumination and detection
are performed on the same side of the sample. Two sets of imaging lenses were used in
this work, a standard lens for general purpose and a high magnification lens for
investigating crystal defects. The pixel dimensions of the PL images were around
160 um when using the standard lens and around 22 pm when the high magnification
lens was used. A Sinton Instruments WCT-120 lifetime tester is equipped within the PL

imager to perform QSSPC measurements required for calibrating the PL signal.

In this work, the PL imaging technique is applied to study highly localised features in
mc-Si. The PL signal from such samples is influenced by several lateral smearing

phenomena in the PL imaging system. These are discussed below.

25



Chapter 2: Carrier recombination in crystalline silicon and characterisation techniques

2.2.2.1 Light scattering within the silicon sensor

The first type of smearing phenomenon is photon scattering within the silicon sensor.
The luminescence signal emitted from silicon lies between 900 nm — 1300 nm. The
absorption depth of photons in this wavelength range is rather long in silicon. The PL
images, therefore, are affected by light-trapping in the silicon CCD sensor, that is,
photons entering a certain pixel within the silicon detector are not immediately absorbed.
Instead, they travel a significant distance within the sensor and eventually are absorbed
in other pixels in the silicon sensor, resulting in a reduction of the image contrast [78].
Since this effect is due to the weak absorptivity of long wavelength light in silicon
sensor, the effect can be reduced by filtering out the longer wavelength light [78]. In
this work, a short pass filter with a cut off wavelength at 1025 nm (for the standard
imaging lens) and 1050 nm (for the magnification lens) are equipped within the
imaging lens to reduce the impact of lateral light scattering within the camera’s CCD
sensor on the captured PL images, therefore producing less blurred images. The use of
short pass wavelength, however, unavoidably reduces the overall signal intensity, which

can be compensated with a longer exposure time.

On the other hand, Walter et al. [79] demonstrated that the photon smearing in the
silicon CCD sensor can be gquantitatively characterised by imaging the spread of the PL
signal from a sub-pixel size point source. The true image can then be approximated by
applying image deconvolution using the acquired point-spread function (PSF). In this
study, image deconvolution was performed to all the acquired PL images using the
Richardson-Lucy (RL) algorithm [80] implemented with ImageJ plugin Deconvolution
Lab [81], based on the PSF acquired by Walter et al. [79]. It has been shown that while
the use of the short-pass filter reduces this photon smearing effect, it can still have some
impact on regions with small, high-contrast and localised features [82], such as grain

boundaries. Therefore, the use of the PSF is important in this thesis.

This is demonstrated in Figure 2.9, which compares the PL intensity profile across a
recombination active grain boundary extracted from PL images taken with and without
the use of a short pass filter, before and after applying the PSF. It can be seen that the
PL profile is much sharper when captured with a short pass filter due to the reduction of

the photon smearing effect in the silicon CCD sensor. Applying image deconvolution
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further reduces such effect, improving the contrast of the PL profile. This contrast
enhancement process is important for evaluating GB recombination in Chapter 4, in
which the surface recombination velocity of a GB is extracted based on the PL intensity

profile across the GB.
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Figure 2.9 — PL profiles across a recombination active GB extracted from PL images taken with a
high magnification lens with and without the use of a short pass filter, and before and after
applying the PSF. The PL intensity is normalised against the PL intensity in regions far away from
the GB.

2.2.2.2 Light scattering within the sample

Apart from photon scattering within the silicon detector discussed above, the emitted PL
can also scatter within the sample before escaping. This results in photons escaping the
sample surface at a lateral position different from where they are generated, contributing
to blurriness in the images [78]. This effect is particularly significant for textured
samples [83]. As a result, only planar samples were studied in this thesis. Similar to
photon scattering within the silicon sensor, light scattering within the silicon sample
mainly occurs for long wavelength light, hence such effect can also be reduced with the

use of a short-pass filter.
2.2.2.3 Carrier smearing within the sample

PL images are often converted into effective carrier lifetime images, although they

actually represent the distribution of electron and hole concentrations, as can be seen in
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equation 2.27. This is due to the fact that the carrier lifetime is a more direct measure of
the electrical properties of a material, while the excess carrier concentration depends on
the excitation conditions as well as the material properties. The effective lifetime can be

calculated from the excess carrier concentration as follows:

An

Topr = = (2.28)

Where the volumetric generation rate G can be calculated according to equation 2.23.

Equation 2.28 is simple and widely used in the literature. However, it assumes that the
lateral diffusion of the minority carriers within the sample is negligible. Such an
assumption is not necessarily valid for samples with non-uniform lifetime such as mc-Si
wafers, and when the minority carrier diffusion length is larger than the pixel size of the
images, which is often the case for well passivated samples. This lateral carrier
diffusion can result in a smearing effect in the PL images, and if not accounted for
during the conversion of PL images into lifetime images, leads to a higher apparent
lifetime in low lifetime regions, and vice versa in high lifetime regions. Note that the
lateral carrier diffusion is a real physical effect which occurs during normal solar cell
operation. Hence, the smeared PL or excess carrier density images, in some cases,
provide a better indication for the performance of a solar cell. However, such smearing
effects reduce the accuracy and resolution in studies on the recombination lifetimes,

which is the objective of this work.

Phang et al. [84] recently proposed a carrier de-smearing technique to correct for the
influence of the lateral carrier smearing effect on lifetime images based on the

continuity equation. The actual lifetime at each image pixel can be calculated as:

Anl-,j
Deff(Anl,]) X Vz(Ani,j) + G

7;,j(An; ;) = (2.29)

Where D, is the effective carrier diffusivity [85]. The D,sr(An;;) x V?(An; ;) term

represents the carrier injection via diffusion from or to neighbouring pixels. In the case
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of negligible lateral diffusion (V?(An;;) ~ 0), equation 2.29 converges to equation

2.28.

VZ(An; ;) can be determined from the second derivative of excess carrier density
images calibrated from PL images using equation 2.27. Since the method depends on
the estimation of the second derivative, it is sensitive to measurement noise and hence

noise filtering is required on the PL images before calculating the second derivative.

The details of the filtering method are explained in detail in Ref. [84].
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Figure 2.10 — Application of the carrier de-smearing technique. (a) As measured smeared lifetime
calibrated according to equation 2.28, assuming negligible lateral carrier diffusion. (b) De-smeared
lifetime calibrated according to equation 2.29, including the influence of lateral carrier diffusion.

The same scale is applied on both images.

The carrier de-smearing technique proposed by Phang et al. [84] is used in several
sections in this thesis. For demonstration, Figure 2.10 shows lifetime images calibrated
with and without the application of the carrier de-smearing technique. It can be seen that
the lifetime in the intra-grain regions is more uniform after de-smearing. The carrier
smearing effect leads to a significant underestimation of the extracted lifetime values,
especially for smaller grains and regions near GBs and other defects. Figure 2.11 shows
a line scan of lifetimes across two selected grains in Figure 2.10 (highlighted in white).
It reveals that this carrier smearing effect, if not accounted for, limits the apparent
lifetime values in these two intra-grain regions to 400 ps or below, while in fact the

actual lifetimes in the intra-grain regions can reach 600 us or above.
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Figure 2.11 — (a) Smeared and (b) de-smeared lifetime profiles across two selected grains in Figure
2.10 (highlighted in white).

2.2.3 Electron back-scatter diffraction
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Figure 2.12 — Schematic diagram for an EBSD system (adapted from Ref. [86]).

In this work, crystal orientation and GB geometry are mapped by electron back-scatter
diffraction (EBSD). EBSD is a scanning electron microscope (SEM) based
characterisation technique for determining crystallographic information of samples. A
schematic diagram of an EBSD system is shown in Figure 2.12. EBSD operates by
capturing the electron diffraction pattern from a highly titled (~70° from horizontal)

crystalline sample. When accelerated electrons in the primary beam of the SEM interact
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with the titled sample, electrons are scattered and diffracted, and form a pattern that can
be detected with a phosphor screen and a low light camera [56, 86]. The diffraction
pattern, also known as a Kikuchi pattern, is characteristic of the structure and
orientation of the crystal from where they originate, and hence can be utilised to identify
its corresponding crystal orientation [87]. The angle and axis of misorientation of a
certain GB can be calculated from the crystal orientations of the neighbouring grains
forming the GB. EBSD measurements in this work were taken with a Zeiss UltraPlus

analytical FESEM, equipped with an electron back-scatter pattern (EBSP) detector.

Ly

Figure 2.13 — Schematic diagram showing two perpendicular surfaces of a sample for the
determination of the position of the boundary plane. o and p denote angles that the GB makes with
the x axis. (the figure is adapted from Ref. [56])

Note that the typical EBSD setup only measures the axis and angle of misorientation of
a GB. In order to obtain the actual position of the GB boundary plane, it is necessary to
measure the inclination angle of the GB, in addition to the orientation of both grains.
This can be done using the ‘two-surface trace analysis’, in which a GB trace is observed
on two perpendicular and adjoining surfaces of the sample as illustrated in Figure 2.13.
The position of the boundary plane, defined by its normal (N; or N,), can be calculated
from the measurement values of a and . The details of the calculation are beyond the
scope of this work and are shown in Randle [56]. This method requires both the top and
the side views in the SEM, and so is not easily applied to a large number of GBs. It was

not used in this thesis.
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Chapter 3
Calibrating photoluminescence-based
lifetime images on multicrystalline

silicon wafers

3.1 Introduction

Carrier lifetime imaging is a major application for photoluminescence (PL) imaging.
Not only has it allowed the carrier lifetime, which is one of the most critical parameters
for characterising a solar cell, to be spatially determined, it can also be extended to other
applications, such as imaging the interstitial iron concentration in p-type silicon through
taking carrier lifetime images before and after dissociation of iron-boron pairs [49], or
imaging the emitter saturation current density by applying the method of Kane and
Swanson [88, 89] at each pixel in a lifetime image. Given that the PL intensity is
usually measured only in relative units, a calibration procedure is required to convert the

raw PL signal into carrier lifetime value.

Under steady state conditions and for a sample with a uniform carrier profile depth-wise,

the measured relative PL intensity is given by:

IPL,rel,measured =AX Byga X (p Xn)
(31)
= Ceatibration X (NA/D + An)An

With A being a scaling factor, B,.,4 being the radiative recombination coefficient, n and

p being the electron and hole concentrations respectively, and N4/, and An being the
background doping and the excess carrier concentrations. A and B,.,4 can be combined

into a single term named C.qipration, Which represents the calibration factor.
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Assuming negligible lateral carrier diffusion, as described in detail previously in
Section 2.2.2.3, the effective lifetime can be related to the excess carrier concentration
according to:

An
Teff =70

(3.2)

Equation 3.1 and 3.2 relate the arbitrary PL signal to the effective lifetime value. The
relative PL signal has to be first converted into an absolute excess carrier concentration
based on equation 3.1, from which the lifetime can then be calculated according to
equation 3.2. This calibration procedure requires the determination of the calibration
factor C.qiipration » @nd it is most commonly done by performing a separate carrier
lifetime measurement on an area of the test sample using the Quasi-Steady-State
Photoconductance (QSSPC) technique [64, 69] under the same illumination, and
comparing the measured PL signal to the corresponding QSSPC data. This calibration
procedure is typically performed at relatively high excitation levels in which the impact
of trapping-like artefacts on the QSSPC data is usually negligible. This is based on the
assumption that C.,iipration 1S iNjection level independent, an assumption which was
shown to be valid only for injection levels up to 1 x 10°> ¢cm™3 at room temperature
[90, 91]. Other effects may also impact on this assumption, in terms of the radiative

recombination coefficient (B,.44).

In general, this standard calibration process is robust when the test sample is relatively
homogeneous. It has the advantage that, since the calibration is performed on the test
sample itself, there are usually negligible variations in doping, thickness, and optical
properties of the calibration region compared to the rest of the test sample. However, as
shown below, this approach is subject to significant uncertainty if the reference area
chosen for the QSSPC measurement is highly inhomogeneous, as is often unavoidable
for mc-Si samples in which large amounts of localised defects such as grain boundaries
and dislocations exist. Moreover, the implicit extrapolation of the calibration factor to

lower injection levels may also lead to quite large variations, as shown below.

Several studies have been performed on alternative techniques for self-consistent

calibration of the PL signal, removing the reliance on the QSSPC data. Mitchell et al.
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[92] demonstrated a method to extract the bulk lifetime of silicon bricks through the
ratio of two luminescence images taken with different spectral filters. However, this
method is limited to samples with strongly non-uniform carrier density profiles depth-
wise, such as bricks, and is not applicable to high lifetime wafers. Giesecke et al. [70]
converted PL images into lifetime images based on a lifetime measurement on a part of
the test wafer through time modulated quasi-steady-state photoluminescence (QSSPL).
Herlufsen et al. [93] and Kiliani et al. [94] extracted carrier lifetime images based on a
time dependent photoluminescence signal, captured either using an InGaAs camera or a
silicon CCD camera with its signal modulated by a rotating shutter wheel. The
advantage of these dynamic PL calibration techniques is that they do not require any

prior knowledge of the wafer parameters.

This chapter presents a more robust QSSPC based method for calibrating steady state
PL images into carrier lifetime images. The chapter first describes conventional QSSPC
calibration methods along with their strengths and limitations. Then, a new approach for
calibrating PL images, based on an optically corrected calibration constant extracted
from monocrystalline calibration wafers, is introduced. The principle and experimental
verification of the method are first presented, followed by a comparison of the proposed
approach against the conventional calibration method, demonstrated using a mc-Si

wafer.

3.2 Experimental methods

A multicrystalline silicon wafer was used as a test wafer for demonstration. The mc-Si
wafer used in this study was a p-type boron doped wafer, with a resistivity of 1.6 2 - cm,
from a commercially grown directionally solidified mc-Si ingot. The mc-Si wafer was
passivated by silicon nitride and had a thickness of around 151 pum.

In addition, 22 monocrystalline silicon wafers, consisting of both Float-Zone and
Czochralski silicon wafers, were used as calibration wafers for the proposed calibration
method. A large number of wafers with different properties were chosen in order to test
the reliability and robustness of the proposed calibration method, as shown below. 13
wafers were p-type boron doped with resistivity ranging from 0.47 2 -cm to 5.6 2 - cm,

while the remaining 9 wafers were n-type phosphorus doped with resistivity ranging
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from 0.43 2 -cm to 2.5 02 - cm. The thickness of the wafers varied from 167 um to
875 um. The wafers were passivated either by aluminium oxide, silicon oxide or silicon
nitride, and their effective lifetimes ranged from around 26 ps to 2.6 ms, high enough
to ensure uniform carrier profiles depth-wise in all cases. The reflectance of the wafers
at 810 nm varied from around 0.17% to 31.2% , measured with a UV-Vis
spectrophotometer (Perkin-Elmer Lambda 1050) with integrating sphere. Prior to
passivation, all wafers were chemically polished either using HNO3 acid and HF acid or
TMAMH solution, in order to yield specular surfaces.

PL images were captured with a BT Imaging LIS-R1 tool, with details described in
Section 2.2.2. QSSPC lifetime measurements were performed using a Sinton

Instruments WCT-120 lifetime tester integrated into the PL imaging system.

3.3 Conventional QSSPC based calibration method

3.3.1 Theory

In the conventional QSSPC calibration approach, the PL signal is calibrated against a
QSSPC measurement on the test sample itself under the same illumination conditions.
Here, we discuss two commonly used approaches for averaging the PL data in the
region over the QSSPC sensor, as required in the conventional calibration approach for

dEtermiﬂing Ccatibration-

The first approach determines C.qiipration through comparing a simple arithmetic
average of the PL signal in a defined region above the QSSPC sensor, Ip;, 41,4, With the

corresponding excess carrier density data measured by the QSSPC technique, Anggspc.

1 PL,Avg
(Nap + Angsspc)Angsspec

(33)

Ceatibration =

Equation 3.3 is simple, easily implemented, and is accurate for homogeneous samples.
However, it becomes less accurate when the sample has significant lateral non-
uniformities. Firstly, the nonlinear relationship between the local values of

Ip ret measurea @Nd An at high injection, as indicated in equation 3.1, leads to errors in
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the simple arithmetic averaging process. More importantly, in practice there are
significant variations in the radial sensitivity of the radio frequency coil used in the
QSSPC measurement [70, 94], leading to further inaccuracies in the averaging process.
Figure 3.1 shows the radial sensitivity of a QSSPC sensor, measured by Giesecke [95]
through dark conductivity analysis. It can be seen that the radial sensitivity of the sensor

varies significantly, being most sensitive near the radio frequency coil.
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Figure 3.1 - Radial sensitivity function of the QSSPC sensor, extracted from Giesecke [95]. r
represents the distance from the centre of the sensor. Following Giesecke [95], the sensitivity values

are normalised according to 27w fOR rdr - Sg(r) = mR?, with R chosen to represent the radius of the

active sensing region of the sensor.

Accounting for both of these problems, a more accurate calibration can be performed by
correlating the local PL intensity measured at each pixel to the QSSPC measured excess

carrier density data [70] according to the following equations:

J
—-N, +\/N 244 PLL__
An; = AP 4P Ccalibration ( 3.4 )
n; = 5
NAn; X S,.(1;)
i

with I, ; and An; being the local PL intensity and excess carrier density at each pixel
respectively, S, being the radial sensitivity of the QSSPC sensor and N being the total

number of pixels in the sensed area of the QSSPC measurement. Equation 3.4 is derived
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through solving equation 3.1 for An. Here, we did not measure the radial sensitivity of
the QSSPC sensor used in this work, but applied a sensitivity function measured by
Giesecke [95], as shown in Figure 3.1. This could lead to some errors as the sensitivity
function of each QSSPC sensor may vary slightly. Despite this, the function is sufficient
to demonstrate the errors induced by not accounting for the radial sensitivity of the
sensor coil, which is the main objective of the work. C.4iipration CaN be determined
through solving equation 3.4 and 3.5 by iteration. In this chapter, we will compare both
averaging algorithms mentioned and discuss the possible causes of errors in the

calibration process.

3.3.2 Application on a multicrystalline silicon wafer
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Figure 3.2 - PL image of a mc-Si wafer. Red, green and blue circles represent three regions (R1, R2,
and R3) that were used as the reference areas in the conventional QSSPC calibration methods.
Purple square near the top right corner represents an intra-grain region used for lifetime analysis
in Figure 3.5 and Figure 3.9.

Figure 3.2 shows a PL image of the mc-Si wafer that was used as the test wafer.
Individual PL and QSSPC measurements, at 15 different injection levels, were taken on
the mc-Si test wafer by varying the illumination intensity. The QSSPC lifetimes of three
different regions, as highlighted in Figure 3.2, combined with their corresponding PL
intensity, were used to determine the calibration factor. Figure 3.3 shows the QSSPC
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lifetime data for one of the highlighted regions (R2) in Figure 3.2. We observed high
apparent lifetime values at low injection, due to minority carrier trapping. A trapping
correction function [68] was applied to correct for the effect of trapping in the raw data

and the result is shown in Figure 3.3.
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Figure 3.3 — QSSPC lifetime data of R2, highlighted in Figure 3.2, before and after trapping

correction. The trapping corrected data is used for the determination of the C 4ipration cw IN

Figure 3.4.

Figure 3.4 compares the values of C.qipration determined using the two different
averaging algorithms mentioned above in Section 3.3.1, based on the trapping corrected
QSSPC data. Note that the x-axis of Figure 3.4 shows the average excess carrier density
of the whole wafer for each measurement, while the x-axis of Figure 3.3 shows the
excess carrier density of one of the highlighted region (R2) in Figure 3.2. The first
algorithm uses a simple arithmetic mean of the measured PL signal for calibration. It
can be seen that Ceqiipration me determined by this simple averaging algorithm depends
strongly on the choice of reference region used for calibration. The second algorithm
correlates the QSSPC data with the measured PL signal at each pixel according to
equation 3.4 and 3.5, including the influence of the variation in the radial sensitivity of
the QSSPC sensor in the calculation. The Ceqiipration me Values determined by this
algorithm show only a small dependence on the choice of reference region which is
likely to be due to uncertainty in the experimentally determined radial sensitivity data of
the QSSPC sensor.
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Figure 3.4 — Variation of the calibration factor calculated based on the two different averaging
algorithms, (a) using a simple arithmetic average (I,,4) or (b) a position-dependent sensitivity-
weighted average (I 4,4) Of the measured PL signal, in the conventional calibration methods. The
x-axis shows the average excess carrier density of the whole wafer for each measurement,
calculated using the proposed calibration method shown below, for allowing a more consistent
estimate for the excess carrier density. The secondary axis shows the values normalised against the

mean value in the Figure.

However, although the second algorithm produces more consistent results compared
with the first one, the values of C.qiipration mc determined by both algorithms vary
considerably with injection level. C.4iipration » 1N pPrinciple, should be injection
independent, at least up to 1 x 10°> cm™3, and should be consistent regardless of the
choice of reference area used for calibration, otherwise it could lead to a significant
error in the calibrated lifetime values. This injection dependent variation in C.4iipration

mainly originates from the QSSPC measurement, as discussed below. Since the
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calibration relies on the QSSPC measurement, an overestimation of An in the QSSPC
data leads to an underestimation of the calibration factor and thus an overestimation of

the calibrated lifetime values, and vice versa.
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Figure 3.5 - Injection dependent carrier lifetime of an intra-grain area, as highlighted in Figure 3.2,
calibrated by two different averaging algorithms. R1, R2 and R3 represent three different reference
areas used in the conventional calibration methods. Note that the x-axis shows the local excess

carrier density of the highlighted intra-grain area.

Figure 3.5 compares the injection dependent carrier lifetime of an intra-grain region, as
highlighted as a purple square in Figure 3.2, calibrated with both averaging algorithms.
The lifetime of an intra-grain region, far from grain boundaries and dislocations, was
selected for comparison as the impact of lateral carrier smearing is minimal and the
carrier profile is quite uniform depth-wise in such a region. The lifetimes calibrated by
the second algorithm show only a slight variation in terms of their magnitude and
injection dependence at high injection level compared to lifetimes calibrated using a
simple arithmetic mean, in which substantial differences can be observed. This
demonstrates the importance of accounting for the spatially non-uniform sensitivity of
the QSSPC coil in measurements on samples with strong spatial variations in minority

carrier lifetime.

However, at low injection level, the variation in the lifetime values becomes more
significant in both methods and high apparent lifetime values can be observed. The high

apparent lifetime values at low injection levels are likely due to minority carrier
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trapping in the QSSPC lifetime measurement, although a trapping correction function
[68] has already been applied to the QSSPC data. The trapping correction function
implicitly assumes that the trapping centres are evenly distributed across the sample and
are of a single type in terms of trapping characteristics such as the trap escape/release
time ratio [3]. However, in an actual mc-Si sample, the trap density and type are very
likely to vary significantly across a wafer. Therefore, the trapping correction may only
allow a partial correction, and is not able to completely eliminate the impact of the traps,

especially as the injection level is decreased below the apparent trap density.

Furthermore, the influence of trapping might not only be limited to measurements taken
at low injection levels as it is possible that very low lifetime regions will have locally
reduced excess carrier concentrations, at which trapping can still be prevalent, even
when the average excess carrier density across the wafer is high. We observe a variation
up to 2 orders of magnitude in the excess carrier density across the mc-Si wafer used in

this work under a fixed generation rate.

3.4 Proposed calibration method

3.4.1 Theory

The conventional QSSPC based calibration method depends strongly on the accuracy of
the QSSPC measurement. The method is robust on homogeneous samples, but is subject
to significant uncertainty on highly inhomogeneous samples, due to the radial
sensitivity of the QSSPC sensor, or on mc-Si wafers, due to measurement artefacts such
as minority carrier trapping, as shown above. Therefore, we propose extracting an
accurate calibration factor using a monocrystalline silicon wafer with homogeneous
lifetime, and then converting it for application to the mc-Si test sample. Since the
calibration sample and the test sample may have different doping, thickness and optical
properties, and since C.,iipration depends on these properties of the sample, a correction
has to be applied to C.qjipration 10 @ccount for these variations. This correction can be
performed based on modelling of the PL signal. In general, this can be achieved with
simulation packages such as Quokka [96], which allows the PL emission from silicon
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wafers to be accurately simulated. For the case of planar samples with uniform carrier

profiles depth-wise, a simpler analytical approach can also be used, as outlined below.

Assuming a uniform carrier profile across the wafer thickness, the rate of spontaneous
emission of electrons and holes via band-band transitions can be expressed by [97, 98],

rsp(hw) = Byqq(hw) X (pn)

ng;2 X (hw)? exp (—ha)) ( 1

T2h3c2 kT F) (pn)

(36)

= a(hw)

where « is the absorption coefficient for band to band transitions [99], and B,..4(hw) is
the spectral radiative recombination coefficient. ng;, hw, h, ¢ denote the refractive
index, photon energy, Reduced Planck’s constant and velocity of light in vacuum
respectively. Accounting for reabsorption and multiple reflections on both surfaces, the
photon flux per energy interval emitted by a planar sample into a solid angle of
detection Q is described as [100],

djy,em
A(ha)

T Ax % 1 — R (hw)Rp(hw) exp[—2a(hw)W]

X g (hw) (3.7)
w

X ] {exp[—a(hw)x] + Ry (hw) exp[—a(hw)2W — x)]} dx
0

with R, and R, being the spectral reflectivity of the front and of the rear surface, and W

being the thickness of the wafer. The influence of free carrier absorption [101, 102] is
neglected in equation 3.7 due to its minor impact and weak wavelength dependence in

the inspected wavelength range, coupled with the fact that the relative PL data is used.

The total measured relative PL intensity can be expressed as:

IPL,rel,measured

(38)

= Kap fhwz Qdetector(hw) X Tfilter(hw) X dj)/.em (hw) d(hw)
hwy d(hw)
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With Qgerector bEING the quantum efficiency of the silicon detector, Ty, being the
transmittance of the filters placed in front of the detector and k,, being a conversion
factor from photoelectrons to counts [103]. Substituting equation 3.6 and 3.7 into

equation 3.8, the total measured PL intensity can be simplified to:

IPL,rel,measured =K XD X (pn) ( 3.9 )
where
Q
Kap an ( )

and

D (Rf (hw), Ry (hw), W)

hwo,
= f {Qaectector (hw) X Tfilter (hw)
h

w1

y 1— Rs(hw) y ng;2 X (hw)? (3.11)
1= R¢(hw)Ry(hw) exp[—2a(hw)W] m?h3c?

—hw 1
xep (77 ()
l

X [1— e~ *hW 4 R, (hw)e™2aheW (ea(r)W — 1)]}d (hw)

This function D is only dependent on the optical properties of a sample, and can be
calculated according to equation 3.11 for a given sample if its thickness, front and rear
reflectance are known, assuming that the quantum efficiency of the silicon detector and
the transmission of the filters are also known. Here, it is assumed that the solid angle of
detection, Q in equation 3.7, is constant among different samples and the radiative
recombination coefficient, B(hw) in equation 3.6, is injection independent for model
simplification. For more sophisticated analysis, such influences [90, 91] should be

considered.

Comparing equations 3.9 and 3.1, the calibration factor can be expressed as:
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Ceatibration = K X D(Rf (hw), R, (hw), W) (3.12)

Ceatibration 1S the product of a constant scaling factor K and the function D. Based on
equation 3.12, the calibration factor between any two samples, the test mc-Si wafer and

the calibration wafer (CW), are related via:

D (Rf_mc (hw), Rp me (hw), Wine)
X Ccalibration_CW
D (Rf_cw(hw)» Rb_CW(hw)' Wew)

Ccalibration_mc -

(3.13)

In the proposed calibration method, we experimentally extract C.qipration cw from a
separate, homogeneous, monocrystalline calibration wafer, and calculate the value of
D(R;(hw), Ry(hw), W) for both the calibration and test wafers. We then apply
equation 3.13 to determine a suitable calibration factor, C.qipration me. fOr the test
sample to calibrate the PL signal into lifetime values. Since the calibration wafer has a
uniform lifetime distribution, C.qipration cw €N be extracted accurately according to
equation 3.3, using a simple arithmetic mean of the measured PL signal. Moreover, in
such homogeneous wafers, the radial sensitivity of the QSSPC sensor does not impact
the QSSPC measurement, hence eliminating a reliance on the experimentally
determined radial sensitivity in the calibration.

In this work, a short pass filter with a cut off wavelength of 1025 nm is fitted in the
imaging lens to filter the emitted band-to-band PL signal. In our experimental setup,
samples were placed on a black sample stage where the spectral reflectivity between the
wafers and the stage (R, in equation 3.11) is in general not known. The short pass filter
served to minimize the proportion of rear reflected PL in the total measured PL, hence
reducing the uncertainty in the optical modelling, both in terms of rear reflectance from
the sample stage, and also in terms of any light-trapped photons resulting from

imperfect sample polishing.
3.4.2 Experimental verification

A set of monocrystalline silicon wafers with different doping, thickness and reflectivity

is used as calibration wafers to test the validity of the proposed optical correction
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function (equation 3.13). For each wafer C.4ipration cw Was determined multiple times
for four different illumination intensities, equivalent to a range of injection levels, from
a comparison of the average PL signal and the QSSPC measured average excess
minority carrier concentration and the independently measured background doping. As
can be observed from Figure 3.6(a), the values of C.qipration cw €Xtracted from the
monocrystalline calibration wafers vary significantly, due to the differences in their

optical properties.
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Figure 3.6 — Injection dependence of (&) Ccaiipration cw and (b) the ratio C.aiipration cw/Dew
extracted from a set of monocrystalline silicon wafers. C qiipration cw/Dcw 1S dimensionless. Note
that the samples with significantly higher ratios in Figure 3.6(b) are considerably thicker (688 pm
and 875 um), as shown in Figure 3.7, in which the same symbols are used to represent each

sample. The secondary axis shows the values normalised against the mean value in each Figure.

The value of the optical calibration constant Dy, was then calculated for each wafer

according to equation 3.11, using its measured optical properties. As shown in Figure
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3.6(b), the ratios of C.qipration cw/Dew for the set of samples converge to an almost
constant value, as expected, since the impact of the optical properties is divided out.
Also note that for each calibration wafer, four values of the ratio C.qiipration cw/Dew
were extracted at different injection levels, revealing very little injection dependence.
Therefore, despite the large variations in optical properties, most of the extracted ratios
agree well with each other, with a small relative standard deviation of around 7%,

indicating the validity of the proposed modelling.

Explicitly, we do not observe any dependence of C.qiipration cw/Dew ON injection
level, minority carrier lifetime, doping, reflectance, and the types of surface passivation
of the calibration wafers. However, C.qiipration cw/Dew 1S Observed to be slightly
dependent on the wafer thickness as the thickness increases beyond 500 pm, as shown
in Figure 3.7. This is likely to be due to the slight reduction in the sensitivity of the
QSSPC measurement on thicker wafers. In general, for a precise calibration, it is
advisable to choose a calibration wafer with similar properties to the test wafer in order
to reduce the influences of any second order effects, such as free carrier or dopant
induced band-gap narrowing [37, 104, 105], injection dependence of spontaneous
radiative recombination [90, 91] or slight variation in solid angle of detection due to
difference in sample thickness, which are not included in the proposed optical

correction function.
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Figure 3.7 - The influence of sample thickness on the ratio C qjipration cw/Dcw- The secondary axis
shows the values normalised against the mean value in the Figure. The values in the figure

represent the average ratios extracted from the four different injection levels in Figure 3.6(b).
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3.4.3 Application on a multicrystalline silicon wafer
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Figure 3.8 - Variation of the calibration factor for the test mc-Si wafer (€ qiipration mc) EXtracted
from 8 separate monocrystalline calibration wafers (CW) at different injection levels and calculated

according to equation 3.13. Also shown for comparison are values for R3 — Iy 4,4 Which represent

the calibration factors determined according to the standard calibration method, as shown in
Figure 3.4(b). The secondary axis shows the values normalised against the mean value in the
Figure. Note that the x-axis shows the average excess carrier density of the reference region,
obtained from QSSPC measurements.

We applied our proposed calibration method to the test mc-Si wafers. Based on
equation 3.13, we determine Ccqiprationmec fOr the test mc-Si wafer from
Ccatibration cw €xtracted from several monocrystalline calibration wafers with different
lifetimes, thickness, doping and reflectance. 8 calibration wafers, with their background
doping ranging from 9 x 10%°> cm™3 to 1.27 x 10%® cm ™2 and their thickness varying
from 167 um to 242 pym, were selected based on their similarity in thickness and
background doping with the test mc-Si wafers. The variation in C.uiipration me
determined from our proposed approach, as shown in Figure 3.8, is significantly smaller
than the variation in C.gipration me determined from the conventional calibration
methods, shown in Figure 3.4, and it does not exhibit any injection level dependence.
The average value of C.gjipration me €Xtracted from the selected calibration wafers is

7.16 x 10728 cm3/s, with a small relative standard deviation of around 4%.

At low injection, the calibration factors determined from the conventional approach are

smaller than the calibration factors calculated from our proposed method. This is mainly
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due to minority carrier trapping, which increasingly affects the QSSPC measurement
used for calibration as the injection level decreases, even when a trapping correction
procedure is applied [68]. This leads to an underestimation of the calibration factor.

At high injection levels, in which the lifetime is unaffected by trapping, the opposite is
observed. This may be partially due to an overestimation of the carrier mobility sum in
mc-Si wafers in regions with high dislocation densities. It has been reported previously
that the carrier mobility in some regions of mc-Si wafers is lower when compared with
the carrier mobility in monocrystalline wafers [106, 107], due to the presence of grain
boundaries or dislocations which act as barriers for carrier diffusion. An overestimation
of the mobility sum will result in an underestimation of the QSSPC measured lifetime,
and an overestimation of the calibration factors. In addition, the errors could also be
caused by, or partly caused by, the presence of low lifetime areas, in which the excess
carrier density is not uniform depth-wise. This causes the excess carrier density to be
underestimated in the QSSPC measurement [108], also leading to an overestimation in
the calibration factor [109].

Comparing both calibration methods, it can be seen that the standard calibration method
is subject to errors at both low and high injection and is accurate only when the
calibration is performed within a narrow range of injection levels, in this case, for
An =~ 2x 10" —1x10¥ ¢cm™3 . The common approach of applying a single
calibration factor obtained on a mc-Si wafer at higher injection to other injection levels,
in order to avoid trapping-like measurement artefacts, is therefore prone to significant
uncertainty. In some cases it may be quite accurate, while in others it can produce

significant errors.
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Figure 3.9 — Injection dependent carrier lifetime of an intra-grain area, as highlighted in Figure 3.2,
calibrated by our proposed approach. R1, R2 and R3 represent the lifetimes calibrated using three
different reference areas in the conventional QSSPC calibration method. CW represents the
lifetimes calibrated by separate Calibration Wafers (CW). The error bars represent one standard
deviation in the extracted values of € q4jipration mc iN Figure 3.8. Note that the x-axis shows the local
excess carrier density of the highlighted intra-grain area.

Figure 3.9 shows the injection dependent lifetime of the same intra-grain region
highlighted in Figure 3.2 calibrated by our proposed method. As reference, we plotted
the most accurate calibrated lifetime values achievable by the conventional approach,
calibrated according to equations 3.4 and 3.5 with the QSSPC sensitivity function
implemented. A considerable difference in the calibrated lifetime values, in terms of the
magnitude and injection dependence, can be observed. The differences in the lifetime
values calibrated by our method and the conventional approach vary from up to 70% at
low injection levels (An =~ 4 x 10'* cm™3) to around 14% at moderate injection levels
(An = 7 x 10> cm™3). When using our proposed method, we do not observe any
artificially high lifetime values at low injection due to minority carrier trapping. In our
proposed calibration method, the calibration factor is extracted from monocrystalline
wafers with homogeneous lifetime. The effect of trapping is minimised in such wafers
due to low impurity levels and the lack of localised defects. As such there is no
requirement to fit a trapping correction to the QSSPC data, making the calibration

procedure more robust.
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3.5 Discussion

While PL measurements are not subject to measurement artifacts such as minority
carrier trapping, it is crucial that the reference data used for the calibration of the PL
signal is also unaffected by such artifacts; otherwise, it could lead to a significant error.
Our calibration method thus allows more consistent and accurate PL-based lifetime
images at various injection levels, especially at low injection levels, compared with the
standard calibration method. This is particularly relevant for some applications on mc-
Si wafers, for example, when evaluating small variations of lifetime among different
grains or after processing sister wafers under different conditions. Examples of such

applications are shown in Chapters 5-7.

The method could also be applied to increase the accuracy in imaging interstitial iron
concentrations, in which two PL images are taken at two different injection levels,
before and after dissociation of iron-boron pairs [49], and the measurements are often
performed at low or moderate injection levels (An « 1 x 10** cm™2) to avoid breaking
of iron-boron pairs during the initial measurement. It can also be used to measure
lifetimes on small samples which cannot be measured accurately using the conventional
QSSPC measurement setup as the sample is significantly smaller than the QSSPC
sensor. One such application is shown in Section 7.3.2, in which the carrier lifetimes of
small and narrow silicon strips are determined through PL imaging using the proposed
calibration method. Furthermore, since C.uipration cw/Dcw depends only on the
system setup and is independent of the test sample parameters, it only needs to be
determined once and can be applied to measurements on different samples at different

injection levels, provided that the exposure time of the PL images is accounted for.

It should be noted that in our proposed calibration method, the PL signal is calibrated
into lifetime values based on a few key assumptions. Firstly, it is assumed that the
carrier density profile is uniform depth-wise, in both the calibration wafers and the test
wafers. While the former can be easily achieved by selecting calibration wafers with
high lifetime, the latter might not be achievable especially at low lifetime regions such
as grain boundaries. Photon reabsorption within the sample can impact the fraction of

internally generated photons that can escape the sample and contribute to the detected
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signal. Our analysis accounts for photon reabsorption based on the assumption that the
carrier density is uniform. A non-uniform profile affects the total amount of photon
reabsorption, and hence can lead to errors in calibrating the PL signal. Variations in that
fraction have been shown to be generally small, and are significant only if the minority
carrier lifetime varies strongly with injection level over the range from 1 us to ~50 us
[110]. Therefore, our analysis can be assumed to be reasonably accurate for most
situations except when applying to low lifetime areas or samples. In such cases, more
sophisticated modelling tools such as Quokka [96] or QS Cell [85] are required to

account for the impact of non-uniform carrier profiles on photon reabsorption.

Secondly, our method also requires both the calibration wafers and the test wafers to
have planar surfaces without any texturing. This is due to the assumption of a planar
surface in the derivation of equations 3.7 and 3.11. Texturing induces an increase in the
average path length of luminescence within the sample [83], which can strongly affect
the fraction of internally generated photons contributing to the measured PL signal.
Short pass filtering can restrict the detected luminescence signal to wavelengths which
are not strongly affected by these path length enhancement effects. By choosing
calibration wafers with similar texture, combined with more sophisticated optical
modelling, our proposed method might be applicable also to textured wafers.

Lastly, our method of modelling the emitted photoluminescence is based on the
assumption that the radiative recombination coefficient is injection independent. It has
been reported that the radiative recombination coefficient is enhanced by coulomb
attraction between electrons and holes, and that enhancement is reduced at high carrier
density due to carrier screening, especially when An > 5 x 105 cm™3 [91]. Hence, our
calibration method is best applied at lower injection levels or when both the calibration
wafers and the test wafers are at similar injection levels. An empirical expression has
been proposed by Altermatt et al. [90] to account for influence of Coulomb-
enhancement on B,.,4. However, the expression only applies on the integral radiative
recombination coefficient over the entire spectrum but not on each particular
wavelength, hence cannot be directly incorporated into our method due to the spectral
dependent components used in the modelling such as the quantum efficiency of the

detector and the transmission of the filters. The accuracy of our proposed calibration

52



Chapter 3: Calibrating photoluminescence-based lifetime images on multicrystalline

silicon wafers

method, especially when applying at high injection levels, can be further improved by

implementing the influence of Coulomb-enhancement in the modelling.
3.6 Conclusions

In this chapter, a method for the accurate conversion of PL images into calibrated
lifetime images for wafers with inhomogeneous lifetime distributions is presented. The
method is based on an optically-corrected calibration factor extracted from PL and
QSSPC measurements on a separate calibration wafer with homogeneous lifetime. The
magnitude and injection dependence of the lifetime calibrated by the conventional
approach depends on the choice of reference region used for calibration in a mc-Si
wafer, and at lower injection levels on the accuracy of the trapping correction.
Comparison of two conventional calibration approaches showed that radial variations in
the sensitivity of the coil area in commonly used QSSPC lifetime measurement systems
should be accounted for to avoid significant errors. In contrast, the lifetimes calibrated
by our proposed method are consistent, regardless of the choice of calibration wafer.
The proposed method also eliminates the requirement for trapping corrections and the
need for measuring radial sensitivity functions for the analysis of the QSSPC data. The

proposed method is used throughout this thesis for calibrating PL images.
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Chapter 4

Quantifying carrier recombination at
grain boundaries in multicrystalline
silicon wafers through

photoluminescence imaging

4.1 Introduction

Grain Boundaries (GBs) are one type of crystal defect which can significantly affect the
efficiency of mc-Si solar cells. They can act as strong recombination centres for excess
carriers, and hence can locally reduce the minority carrier lifetime and impact the solar
cell performance. Understanding the electrical properties of GBs is therefore of great
interest. GBs have been studied extensively in the literature [5, 20, 23, 24, 31], either by
electron beam induced current (EBIC), light beam induced -current (LBIC),
photoluminescence (PL) imaging, electroluminescence (EL) imaging and other lifetime
imaging or mapping techniques. In order to compare or evaluate GBs, the

recombination behaviour of GBs needs to be quantified.

The most commonly used method for evaluating GBs is the signal contrast method [5],
which is defined as the ratio of the signal intensity between the GB and the intra-grain

region. For the case of PL measurements, the PL contrast of a GB is defined as,

PLintra—arain — PL
PLcontrast — intra—grain GB (4.1 )

PLintra—grain

Where PLintrq—grain @nd PLgg represent the intra-grain PL intensity and the PL
intensity at the GB respectively. For other measurement techniques, PLiytrq—grain @Nd

PLg are replaced with the corresponding measured signal intensity. Signal contrast is
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straightforward and easy to calculate, thus allowing a large number of GBs to be studied.
However, it only provides evaluation of the recombination strength on a relative scale,
and depends heavily on the lifetime of the intra-grain region, which is likely to vary at
different injection levels, among different wafers, or during cell processing steps such as
phosphorus gettering and hydrogenation. As signal contrast is only a relative and
qualitative representation, it also prohibits a direct comparison of results from various

works.
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Figure 4.1 - PL intensity profile across a GB.

An alternative method to quantify the recombination properties of a GB is to calculate
the recombination current induced by the GB, based on the PL intensity profile across
the GB. The method is adapted from an approach proposed by Augarten et al. [111] for
calculating shunt currents. Due to the higher recombination at the GB, carriers
generated around the GB diffuse toward the GB, leading to a gradual reduction of PL
intensity, as illustrated in Figure 4.1. The recombination current per unit length induced

by the GB can be calculated as,

IRGB/L=Z,]L><W><(1—L) (42)

PLintra—grain

Where J;, and W represent the light generated current density and the sample width of
one camera pixel in the PL image respectively. PL; represents the PL intensity of each

individual pixel which is affected by the GB. Equation 4.2 can be divided into two parts.
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J. X W represents the light generated current density which is only dependent on the
excitation source and the optical properties of the samples. (1 — PL;/PLiytrq—grain)
represents the proportion of the total light generated current which recombines at the
GB. I, /L reflects the effective detrimental influence of a GB in a mc-Si wafer when it
is illuminated, similar to a solar cell under normal operation. It also allows the
recombination strength of a GB to be expressed in an absolute scale, for example with
units of mA/cm. Nevertheless, such a parameter might be misleading in representing
the electrical properties of a GB as it depends not only on the GB itself, but also
strongly on other parameters such as the carrier generation rate and the lifetime of the
grains near the GB. In order to clarify the root cause of the varying recombination
behaviour of GBs, it is more meaningful to evaluate the intrinsic recombination
properties of GBs, which are independent of the measurement conditions or other

sample parameters.

Donolato [112, 113] presented an analytical model to describe the recombination
properties of GBs and dislocations in terms of interface recombination velocity and line
recombination velocity. The works were further extended by Riepe et al. [114] and
Stokkan et al. [115], who modelled the effect of various GBs and dislocations on
minority carrier lifetime for Carrier Density Imaging (CDI) measurements, in terms of
parameters such as grain boundary misorientation and capture cross section. Corkish et
al. [116] and Micard et al. [117] proposed a direct fitting procedure based on analytical
modelling to extract the effective surface recombination velocities (S;5) of GBs and the

diffusion length in the neighbouring grains from EBIC and LBIC profiles across a GB.

In this chapter, an approach, based on steady state PL imaging and 2D modelling of the
emitted PL signal, to quantify the recombination strength of GBs in terms of the
effective surface recombination velocity (S;g) is presented. This provides a more
meaningful and absolute measure of the recombination properties of a GB compared to
signal contrast or recombination current mentioned above. Moreover, a major advantage
of the PL imaging technique is that it does not require a cell structure or a pn junction,
in contrast to EBIC or LBIC measurements, thus reducing the difficulty of sample
preparation as well as the complexity of the modelling. Also, owing to the rapidity of

PL imaging, the method can be applied to a larger number of GBs for a statistically
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relevant analysis. The chapter starts with a description of the principle of the method.
The approach is then demonstrated on two different types of samples. Firstly, the
method is applied to determine S;5 of several GBs in double-side passivated mc-Si
wafers, both before and after phosphorus gettering. Secondly, the method is applied to
mc-Si wafers with infinite surface recombination at the rear surfaces, in order to
enhance the sensitivity of the method to strongly recombination active GBs, as
explained in detail below. The sensitivity limits and other practical constraints of the
method are discussed in the end of the chapter.

4.2 Model Description

4.2.1 Model description and assumptions
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Figure 4.2 - (a) Schematic of the presented 2D model. (b) Grid structure of the semiconductor for

finite element analysis.

Our presented model is a two dimensional simplification of a three dimensional
problem, assuming no variation in the materials along the z-axis. Figure 4.2(a) shows
the schematic of our 2D model, illustrating the interactions between a GB and its

neighbouring grains under steady state illumination. A GB, modelled as a surface with
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an effective surface recombination velocity (S,), is located between two neighbouring
grains, G1 and G2 with bulk minority carrier lifetime 7;(An) and 7, (An), respectively.
The semiconductor is subjected to a certain degree of surface recombination at both the
front and rear surfaces, depending on the films on the surfaces, represented by Sg,on;
and Syeqr. BOth Sgrone and S,.qq are considered to be injection independent in the
model, as the surface recombination velocities are assumed to be either negligible or
infinite, as explained further below. Here, it is assumed that the GB is perpendicular to
the surfaces. A GB, in reality, is not necessarily perfectly perpendicular to the surfaces,

however, within a thin wafer, it lies close to perpendicular.

The semiconductor is divided into multiple nodes in both x and y directions, as shown
in Figure 4.2(b). The local carrier concentration at each node is simulated using a finite
difference method based on the continuity equation, allowing for local carrier
generation, diffusion and recombination. We then modelled the PL profile across a GB
through the rate of spontaneous emission of electrons and holes via band-band
transitions, considering reflection, reabsorption of the emitted PL and the quantum
efficiency of the detector. A summary of the equations used is given in the succeeding

sections.
4.2.2 Bulk equations

In 2D and under steady state conditions (dn,, /dt = 0), the continuity equation can be

written as:
dhey _ Desr(Myy) X Vnyy + Gy — Ty " To _ g (43)
dt eIy Y Y Txy (nxy) l

Where x, y denotes the position of the node, n, ,, is the local carrier concentration, G, ,,
is the local generation rate per unit volume, 7, ,, is the local bulk lifetime, n, is thermal
equilibrium electron concentration, and D, s is the effective carrier diffusivity [85].
(Nxy — M)/ Txy(ny,) represents the bulk recombination rate. Desp(ny,) X Vznx,y

represents the rate of change of electron current flowing into the node. The electron

current, in general, consists of a diffusion term and a drift term, both can be lumped
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together with the use of D, [85]. In this work, we adapt the carrier mobility model

from Klaassen [65, 66] to calculate the effective carrier diffusivity, according to:

B (n+p)D,D,

eff = nDy + pD, (4.4)

Where D, and D,, are the diffusion coefficients for electrons and holes.

4.2.3 Boundary conditions

Surface recombination acts as another recombination source in the nodes located at the
surfaces or at the GB. The continuity equation is modified accordingly to represent
those nodes. For a node located at the front surface, equation 4.3 is modified as,

dnx,y _ 2 Nyy — Ny Sfront(nx,y - no)
7 = Deff(nx,y) XV Ny y + Gx'y - Tx,y(nx,y) - Ay/Z ( 4.5 )

Where Sg,on; Is the effective surface recombination velocity of the front surface.
Stront (Mxy — N,)/(Ay/2) represents the recombination rate per unit volume of the
node induced by surface recombination at the front surface. Equivalently, the boundary

condition for a node located at the GB can be express as,

dn,.,,
dt

Nyy — Ny . SGB (nx,y - no)

Txy (”x,y) Ax

= Deff(nx,y) X VP, + Gy — (46)

Where Sgp is the effective surface recombination velocity of the GB. Sgp(n,, —
n,)/Ax represents the recombination rate per unit volume of the node induced by
recombination at the GB. The difference between the volume of the nodes at the front
surface and at the GB leads to the factor of 2 difference in the surface recombination
terms in equation 4.5 and equation 4.6. Here, it is assumed that any space charge
regions near the GBs [118] are small in extent in comparison to the minority carrier
diffusion lengths, allowing us to avoid modelling the impact of drift currents in the

space charge regions near GBs.
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4.2.3.1 Boundary conditions for diffused samples

While the proposed model is mainly applied on non-diffused samples in this work, it is
also possible to simulate diffused samples. The influence of the heavily doped region
can be modelled using the conductive boundary approach [119]. For diffused samples,

equation 4.5 is modified as:

dny 5 1
dt = qDeff(nx,y) xV Ny y +V; (R vt(pFn) + qu,y
sheet
(4.7)
nx,y — N, px,ynx,y
P A -1

Where g, is the electron quasi-fermi potential, V, is the divergence tangential to the

surface, Rspee. IS the sheet resistance, /o is the emitter saturation current density for the

front surface. V, (RL Vt<ppn) represents the additional lateral current flow through the
sheet

heavily doped regions. It can be expressed in terms of n, ,, as follows:

(Hn_llp )l<k_T>( 1 >th2nx,y (48)

1
(V) = [ -
‘ Rsheet ceem nx,y nUn+pUp q Rsheet

Where p,, and p,, denote the electron and hole carrier mobility. Unlike equation 4.3 -
4.6, equation 4.8 decouples the total electron current into two components, a diffusion
component driven by the electron concentration gradient, and a drift component driven

by an electric field created by the mobility difference between elections and holes.

Note that non-diffused samples are used for S, extraction. The modelling work
presented here in this section is not used for S; extraction, but to simulate and compare
the detrimental influence of a GB in samples with or without diffusions. The results are

shown in Section 5.3.7.
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4.2.4 Generation

The local generation rate per unit volume is a function of the depth (y-coordinate) of

each node and is calculated according to
Gry(¥) = a X (1= Rf) X ¢ X exp(—ay) (4.9)

Where « is the absorption coefficient for band to band transitions [99], Ry is the

reflectivity of the front surface at the laser wavelength and ¢ is the photon flux at the

surface of the sample.

4.2.5 Implementation

The carrier concentration of each individual node is correlated to the carrier
concentration of its adjacent nodes through the V?n, ,, term in equation 4.3, 4.5, 4.6 and
the boundary conditions (S¢rones Srear» Seg), thus forming a system of equations. The
carrier concentration in each node can be determined by solving this system of
equations if each local D.sf, 7., and Gy, are all known. The local generation rate is
calculated according to equation 4.9, or otherwise can be obtained from other modelling
tools such as OPAL [120]. The effective carrier diffusivity in each element is calculated
through equation 4.4. Note that the effective carrier diffusivity and the bulk lifetime are
both injection dependent. This requires an initial guess of the carrier concentration and
solving the system of equations through iteration until each local carrier concentration
converges. The model is implemented in Matlab. The average computation time is on
the order of seconds, depending on the grid size. Of course, it is also possible to use
other 2D/3D simulation packages such as Sentaurus [121] to simulate the cases
described in this work.

4.2.6 Modelling of the PL signal

Once the local carrier concentration of each individual node is known, the detected PL
signal can be modelled. The rate of spontaneous emission of electrons and holes via

band-band transitions can be expressed by [97, 98],
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ng;2 X (hw)?

—hw\ /1
e (X, ¥, Aiw) = a(hw) 27302 exp( T )(n_lz> (PxyNxy) (4.10)

Where ng;, hw, h, ¢ denote the refractive index, photon energy, reduced Planck’s
constant and velocity of light in vacuum respectively. Accounting for reabsorption and
multiple reflections on both surfaces and assuming planar surfaces, the photon flux per
energy interval emitted by each individual node into a solid angle of detection Q is
described as [100],

dj]/,em
m (X, v, h(l))

0 1 — Ry (hw)

2 (4.11)
41— Rp(hw)Rp(hw) exp[—2a(hw)W]

X T5p (%, ¥, how)
x {exp[—a(hw)y] + Ry (hw) exp[—a(hw) QW — y)]|} AxAyAz

with R (hw) and R, (hw) being the spectral reflectivity of the front and of the rear
surface, W being the thickness of the wafer, and AxAyAz represents the volume of the
node. The influence of free carrier absorption [101, 102] is neglected in equation 4.11
due to its minor impact and weak wavelength dependence in the inspected wavelength
range, coupled with the fact that we use relative PL data. Here, it is assumed that only
the photon flux emitted vertically from each node can reach the detector due to the
narrow escape cone at the silicon-air interface and the large object distance from the
imaging lens which limits the solid angle of detection to within the column dimensions
[96]. This assumption can only hold for samples with planar surfaces [122]. The solid
angle of detection is assumed to be constant across the sample surface, thus does not
impact the relative PL signal. Based on the assumptions above, the PL signal at each
pixel in a PL image is modelled by integrating the photon flux emitted vertically from
nodes in the same column. The measured relative PL intensity at a given coordinate x

can be expressed as:

I(x)PL,measured =K X I(x)PL,simulated (4.12)

Where
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I(X)PL,simulated

hws y=w. (4.13)
= f © (ho) Treer (hw) Wy em (x,y, hw))d (hw)

hws detector filter d(ha)) o

With Qgetector bEING the quantum efficiency of the silicon detector, Ty, being the
transmittance of the filters placed in front of the detector and K being a scaling factor.
The scaling factor K can be determined by comparing the measured PL signal of a
spatially uniform region with the simulated PL signal, calculated according to equation
4.13. This scaling factor, in principle, is a constant and is homogeneous among different
samples. However, due to the fact that the scaling factor is calculated based on various
experimentally determined parameters such as the reflectivity and the bulk lifetimes
which are subject to a certain level of uncertainty, we applied an individual value of K
for each sample determined by choosing a spatially uniform region in that particular
sample for improving the accuracy of the modelling of the detected PL signal. The
average value of the scaling factor K extracted from both single-side and double-side
passivated samples presented in this chapter is 2.8 x 1077, with a relative standard

deviation of 7%.

Based on equation 4.12, the detected PL signal at each position x can be calculated if
the carrier density inside the semiconductor is known, thus allowing modelling of the

PL profile across a GB.
4.2.7 Extraction of S5 of a GB

The simulated PL profile across a GB is a function of the incident photon flux, the
reflectivity, thickness and doping of the sample, the surface recombination velocity of
the GB, the lifetimes of the neighbouring grains forming the GB and other instrument
dependent parameters such as the quantum efficiency of the detector. All the parameters
except S can be measured directly. The injection dependent bulk lifetimes of the
neighbouring grains are sample parameters required for the model and are extracted
from PL calibrated lifetime images, as explained further below. Based on the model,

Scp of a GB is determined by fitting the simulated PL profile to an experimental profile
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extracted from a PL image, using the golden section search [123] with S;5 as the only

varying parameter. A list of parameters required for the fitting is outlined in Table 4.1.

Table 4.1 - A list of parameters required for the fitting.

Sample parameters

Spectral reflectivity of the front and rear surfaces R¢(hw), Ry (hw)
Thickness w
Doping Ny/p
Lifetimes of the neighbouring grains 7,(An), 7,(An)

Measurement dependent parameters

Incident photon flux ¢
Transmission of the optical filter Tritter (hw)
Quantum efficiency of the detector Qaetector(Aw)

For samples with uniform carrier profiles depth-wise, it is possible to simply fit the
modelled carrier density profile across a GB to the measured profile extracted from PL
calibrated carrier density images, avoiding the complexity of modelling the PL signal.
Modelling the PL signal, however, allows the method to be applied to samples with
non-uniform carrier profiles depth-wise, such as single-side passivated samples used in
this work, which significantly broadens the applicability of the method, as explained

further below.

4.3 Experimental methods

4.3.1 Sample Preparation

Two groups of p-type boron doped mc-Si wafers were used in this work. Wafers from
the first group were around 180 pum thick and were cut from a commercially grown
directionally solidified ingot. Wafers from the second group were cut from a different
ingot, with a thickness of around 330 wm. All the wafers were further cut into smaller
pieces, followed by a chemical etching using HF acid and HNO3 to remove saw damage,
and to create an optically planar surface. Having such a planar surface is necessary for

our simplified modelling of the PL emission to be valid as mentioned above. Although
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the chemical etching can sometimes cause surface pits near GBs, these do not have a

significant impact in the PL images.

Sister wafers in the first group were further divided into two series. Wafers in the first
series were phosphorus gettered and then received an aluminium oxide film deposited
by plasma-assisted atomic layer deposition (PA-ALD) together with their non-gettered
sister wafers. Sister wafers in the second group were all phosphorus gettered, then
divided into two series. The first series received a silicon nitride film on both surfaces,
while their sister wafers received silicon nitride film on the front surfaces and a thin
metallic aluminium film (approximately 10 nm) on the rear surfaces using metal
evaporation, to achieve instantaneous rear surface recombination conditions [124]. The
surface recombination velocity at the rear surface (S,.4,) IS assumed to be given by its
maximum value, 3 X 10° cm/s [125]. Silicon nitride films were deposited by plasma
enhanced chemical vapour deposition (PECVD). The double-side passivated wafers
were used to estimate the bulk lifetime for modelling, while the single-side passivated

wafers were used to investigate GB behaviour.
4.3.2 PL Imaging

PL images were captured with a BT Imaging LIS-R1 tool with high magnification lens,
giving a lateral spatial resolution of 22 um per pixel. The measurement setup is

described in detail in Section 2.2.2.

As input parameters, our model requires the bulk lifetime of the neighbouring grains
(t,(An),7,(An)) to be determined. The injection dependent bulk lifetimes were
measured in the intra-grain regions, far away from the GB, via a series of calibrated PL
lifetime images captured at different injection levels of the double-side passivated
samples. The PL images were calibrated into lifetime images using the calibration
method described in Chapter 3. A carrier de-smearing technique [84], as described in
Section 2.2.2.3, was applied to the calibrated lifetime images to account for the
influence of lateral carrier smearing within the sample and thus to allow more accurate
extraction of the intra-grain lifetime. It was assumed that negligible surface

recombination occurs at both the front and the rear surfaces as the wafers were well
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passivated with S, < 10 cm/s, verified by comparison with monocrystalline control

wafers.

4.4 Results and discussion

4.4.1 Double-side passivated sample before and after

phosphorus gettering

400

350

300
250
s
200
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Figure 4.3 - Calibrated lifetime (in ps) image of (a) an as-grown Al, 03 passivated mc-Si wafer (b) a
gettered Al,05; passivated sister wafer. The same scale is used for both images for direct
comparison of the lifetime values. Ref. represents the reference region that is used for the

calculation of the scaling factor K.

Figure 4.3 shows calibrated lifetime images of an as-grown mc-Si wafer and a gettered
sister wafer from the first group. Both images are taken with the same incident photon
flux (¢ = 2.3 x 107 cm~2s~1). Comparing Figure 4.3(a) and (b), it can be seen that
the lifetime of intra-grain regions improves after phosphorus gettering, due to the
removal of impurities in the bulk. While some GBs become more recombination active,

the opposite behaviour is observed in other GBs.

We extracted the PL intensity profiles across several selected GBs and fitted the
simulated PL profiles according to the method described above to determine their
corresponding S;5. We first applied our model to study the response of two highlighted
GBs (GB1 and GB2) to phosphorus gettering under the same photon excitation
condition. The fitting result is shown in Figure 4.4. The simulated PL profile agrees
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well with the measured PL profile, demonstrating the applicability of the method. The
small discrepancy between the simulated PL profile and the measured PL profile at
regions very close to the GB might be due to optical artefacts, such as the focussing of
the imaging lens or light scattering in the silicon detector, as explained in Section
2.2.2.1, which has not been completely corrected for, which cause blurriness in the
acquired images especially at sharp features such as a strongly recombination active GB.
Our result shows that while the S;z of GB1 increases from 890 cm/s to 1810 cm/s,

the S;5 of GB2 decreases from 1130 cm/s to 230 cm/s after gettering.
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Figure 4.4 - Simulation fitting of (a) GB1 (b) GB2, as highlighted in Figure 4.3, before and after
gettering. The PL signal is normalised against the average PL signal of the highlighted reference
region in Figure 4.3, which is used for the calculation of the scaling factor K. Note that the

normalisation factors for the PL profiles are different due to different lifetimes in the reference
regions.
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Note that the extracted S;z value only represents the surface recombination velocity of
a GB at a particular injection level. Even with the same generation rate, the excess
carrier density at GBs can be different after gettering due to the change in their
recombination properties and the variation in the intra-grain lifetime. To account for this,
we applied our model to six individual PL images of each sample taken at different
injection levels, and determined S;z of GB1 before and after gettering, as a function of
injection level at the GB. We used our model simulated minority carrier density at the
GB to represent the injection level at which the S;p value was extracted. The result is

shown in Figure 4.5.
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Figure 4.5 - Injection dependent S;g of GB1, as highlighted in Figure 4.3, before and after
gettering.

GB1, in general, becomes more recombination active after gettering except at low
injection (An « 1 x 10* ¢m™1), in which case the recombination strength is largely
unchanged. Before gettering, GB1 exhibits a strong injection dependence, with S;g
decreasing significantly as injection level increases. This is similar to the recombination
property of decorated dislocations, in which the enhancement in the recombination
strength due to coulomb potential, created by the capture of majority carriers by
electronic states at the dislocation, is thought to be reduced as the minority carrier
concentration increases [126]. After gettering, the injection dependence is much less

pronounced, suggesting a possible change in the origin of the recombination activity.
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Note also the asymmetrical carrier profile on either side of the GB, as can be observed
in Figure 4.4(b), due to variation in the bulk lifetime between neighbouring grains. This
variation can induce errors in signal contrast methods, but does not impact the extracted
injection dependent S;5 values determined in this work. The injection dependent S;5 of
a GB represents the intrinsic property of a GB and is independent of the lifetime of the
neighbouring grains forming the GB. The lifetime of the neighbouring grains does not
impact the recombination strength of a GB directly, but indirectly through affecting the
carrier concentration at the GB due to the injection dependent nature of the

recombination properties of a GB.

There are two main limitations in applying the proposed model to double-side
passivated samples. Firstly, our method assumes that the extracted PL profile is not
affected by the presence of other nearby electrically active structural defects, such as a
second GB. This would require the selected GB to be located several diffusion lengths
away from other recombination centres. This can be satisfied by selecting GBs located
between two large grains. However, carrier diffusion lengths can reach 1 mm or above
in well passivated samples, especially after gettering. This significantly limits the
number of GBs that can be studied. Secondly, the injection dependent lifetime values of
both neighbouring grains are used as input parameters for the fitting. The quality of fit
as well as the fitting result depends strongly on the accuracy of the intra-grain lifetime
values used. The close proximity of other GBs can increase uncertainty in these lifetime
values owing to carrier smearing (Section 2.2.2.3), which in turn can lead to a large

uncertainty in the fitting result.
4.4.2 Single-side passivated sample

To account for the limitations stated above, we have also applied our model to single-
side passivated mc-Si wafers with infinite surface recombination at the rear surfaces,
achieved by evaporating a thin layer of aluminium. This significantly reduces the
effective minority carrier diffusion length within the samples, hence allowing more
closely spaced GBs to be studied. Moreover, this also reduces the sensitivity of the
fitting on the intra-grain lifetime, as the carrier concentration on both sides of the GB is

limited by carrier transport to the rear surface, due to the infinite rear surface
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recombination velocity. We chose to use mc-Si wafers with a thickness of around
330 um instead of the more typical 180 um wafers to allow for higher excess carrier
densities inside the sample, which increases the signal to noise ratio in the PL
measurements. This also allows a reasonable degree of carrier diffusion, preventing the
region of influence of the GBs from becoming too narrow to be observed with the

spatial resolution of the PL imaging setup.
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Figure 4.6 - PL image of a (a) single-side passivated mc-Si wafer (b) double-side passivated sister
wafer. Ref. represents the reference region that is used for the calculation of the scaling factor K.
The PL signal is normalised against the exposure time of each PL image. Note that the scales of the

two images are different.

Figure 4.6 shows PL images of such a single-side passivated sample and a double-side
passivated sister wafer, taken with the same incident photon flux (¢ = 2.7 X
108 cm=2s71). The PL image of the single-side passivated sample is much sharper
compared to the one in the double-side passivated case, due to a large reduction in the
carrier smearing as a result of significantly shorter effective minority carrier diffusion
lengths. The significant reduction in carrier smearing might also allow extending the
work to characterise some of the closely packed dislocation networks or loops, which
are otherwise very difficult to study in well passivated samples due to the overlapping
influence of multiple dislocations.

Figure 4.7 shows the measured PL profile and its corresponding profile fitting for GB3,
highlighted in Figure 4.6(a). The bulk lifetimes (7,(An), t,(An)) of the neighbouring
grains are required for the profile fitting and were measured from a double-side

passivated sister wafer, Figure 4.6(b), after applying the carrier de-smearing technique
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[84]. Good agreement is found between the measured PL profile and the simulated PL
profile, demonstrating that our model can be applied not only on well passivated
samples, but also on samples with strongly non-uniform carrier density profiles depth-

wise, provided that the bulk properties and the boundary conditions are well known.
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Figure 4.7 - Simulation fitting of GB3, as highlighted in Figure 4.6(a). The PL signal is normalised
against the average PL signal of the highlighted reference region in Figure 4.6(a), which is used for

the calculation of the scaling factor K.
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Figure 4.8 - Injection dependent S of GB3, as highlighted in Figure 4.6, extracted from a single-

side passivated sample and a double-side passivated sister wafer.

Figure 4.8 compares injection dependent S;z of GB3 extracted from a single-side

passivated sample and a double-side passivated sister wafer. The extracted values agree
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reasonably well with each other. The small discrepancy may be due to one of the

following reasons. Firstly, for the single-side passivated sample, due to the large

variation in the carrier profiles at the GB, we adapted a weighted average carrier
Js. An?dx

concentration (Ang,, = m}, proposed by Bowden et al. [108] for determining

lifetime in silicon bricks, to represent the average carrier concentration at the GB.
Different averaging methods can lead to a different average value of the excess carrier

density and can influence the apparent injection dependence of the extracted S;p values.

Moreover, in our model, we assume a constant S;z value for the entire GB. This might
not be strictly true for GBs in single-side passivated samples, as the carrier profiles are
highly non-uniform depth-wise and the S;z of some GBs can be strongly injection
dependent, as shown above. The extracted S;z hence only represents an average surface
recombination velocity of a GB over a range of injection levels. Furthermore, due to the
infinite surface recombination at the rear surfaces, higher injection densities are difficult
to achieve in a single-side passivated wafer even with a high intensity illumination

source. This limits the studies of GB behaviour to low or moderate injection levels.
4.4.3 Sensitivity Studies

In order to determine the limitations of our proposed method for quantifying the
recombination strength of a GB, the sensitivity of the PL profile for both double-side
and single-side passivated samples is evaluated. In the simulation, we assume that the
double-side and the single-side passivated samples have a thickness of 150 pm and
300 pm respectively, similar to the thickness of the mc-Si wafers used in this work after
chemical polishing. Both samples are illuminated with the same incident photon flux,
2.7 X 1018 cm~2s~1, at 808 nm. Note that even with the same incident photon flux, the

injection levels in both samples are different.

Firstly, the sensitivity of the PL profile on S;p is investigated, as shown in Figure 4.9.
The intra-grain bulk lifetimes for both samples are assumed to be injection independent
in this simulation and are set to be 300 us. For the double-side passivated sample, the
PL profile is sensitive to variation in S;g when S;p < 1000 cm/s and only varies

slightly once S;5 exceeds 2000 cm/s. This is due to the fact that the recombination rate
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in the latter case is limited by the transport of carriers to the GB rather than its intrinsic
recombination properties. On the other hand, the PL profile in the single-side passivated
sample does not saturate when S increases, as shown in Figure 4.9(b), implying that
single-side passivated samples are more suitable to study strongly recombination active
GBs.
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Figure 4.9 - Sensitivity of PL profile on S;p for a (a) double-side passivated wafer (b) single-side
passivated wafer. Only one side of the PL profile is shown as the PL profile is symmetrical. The
bulk lifetimes of the neighbouring grains are assumed to be injection independent and are set to be
300 s.

Secondly, the sensitivity of the PL profile on the intra-grain bulk lifetime is evaluated.

In this simulation, we fix the lifetime on one of the neighbouring grains for reference,
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and then observe the variation of the PL profile while changing the lifetime of the other
grain to a certain percentage of the reference grain. Our result, as shown in Figure 4.10
shows that the PL profile on a double-side passivated sample is very sensitive to the
intra-grain lifetime. A 10% difference in the intra-grain lifetime can significantly
change the shape of the PL profile. This suggests that uncertainty in the measured intra-
grain lifetime can result in a relatively large uncertainty in the fitting. In contrast, the PL
profile on the single-side passivated sample is less dependent on the bulk lifetime. As a
result, the fitting will have a higher tolerance for uncertainty in the measured bulk

lifetime.
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wafer (b) single-side passivated wafer. S¢p of the GB is set to be 1000 cm/s. The bulk lifetimes of
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However, the extraction method, when applied to single-side passivated samples, is less
sensitive to slightly recombination active GBs (« 200 cm/s). Those GBs have a very
shallow PL profile, as shown in Figure 4.11, and the reduction in the PL signal at the
GB is comparable to the measurement noise, which limits the fitting accuracy. Such
GBs are attributed an upper limit value of 100 ¢m/s in Chapter 5 and 200 ¢cm/s in
Chapter 6. The higher attributed value in Chapter 6 is due to thinner samples used in the
studies, which reduce the sensitivity of the PL profile on S;5, owing to the infinite
surface recombination at the rear. This is demonstrated in Figure 4.11, which compares

PL profiles across a GB with Sz of 200 cm/s in 300 pum and 150 pm thick wafers.
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Figure 4.11 - PL profiles across a GB with S¢;g 0of 200 cm/s in 300 um and 150 pm thick single-
side passivated wafers. The bulk lifetimes of the neighboring grains are assumed to be injection
independent and are set to be 300 us. The wafers are assumed to be illuminated with the same

incident photon flux, 2.7 x 1018 ecm=2s~1, at 808 nm.
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Conclusions

This chapter presents a direct fitting approach based on the steady state PL imaging
technique and 2D modelling of the PL intensity profile across a GB, to determine the
effective surface recombination velocities (S;g) of GBs in multicrystalline silicon
wafers. The method is demonstrated on double-side passivated wafers and single-side
passivated wafers. The former allows evaluating S;5 of GBs as a function of injection
level, but is limited to less recombination active GBs located between large grains. The
latter allows more GBs or even some dislocations to be studied, but only allows
extraction of S, values of GBs at low or moderate injection levels. It also requires a
double-side passivated sister sample for extracting the bulk lifetime information in the
two neighbouring grains, as required for the analysis. The presented method is used for
the analysis in the succeeding chapters, in which the method is applied on single-side
passivated samples to quantitatively study the recombination behaviours of GBs with
different contamination levels from various types of mc-Si ingots, and their response to

phosphorus gettering and hydrogenation.
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Chapter 5

Impact of phosphorus gettering and
hydrogenation on the surface
recombination velocity of grain
boundaries in p-type multicrystalline
silicon

5.1 Introduction

Grain Boundaries are unavoidable in mc-Si solar cells, and are one of the limiting
factors for cell performance. Understanding the origin of their recombination behaviour
is necessary for designing processes to reduce or even eliminate their impact. The
electrical properties of GBs depend strongly on the geometry of the GB. It was
suggested that the recombination strength of GBs can be correlated to their coincidence
site lattice (CSL) index. GBs with lower atomic coincidence such as random angle (RA)
GBs or £27 GBs tend to be more recombination active than GBs with higher atomic
coincidence such as £3 GBs or X9 GBs [5, 20, 127]. The recombination behaviour of
GBs depends not only on the atomic coincidence, but also the contamination level in the
material and their interactions [5, 20, 22, 27]. Buonassisi et al. [22] showed that metal
silicide precipitates are more likely to form at GBs with lower atomic coincidence. Chen
et al. [5] observed a large variation of recombination strength among different types of
GBs in heavy contaminated wafers compared to clean or lightly contaminated wafers, in

which only a small variation can be observed.

On the other hand, it has been shown that the electrical properties of GBs change after
phosphorus gettering [20, 23, 24, 28, 29] and hydrogenation [20, 29-32]. Phosphorus
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gettering has been demonstrated to be very effective in improving the overall minority
carrier lifetime of mc-Si material through removing impurities from the bulk [128].
Hydrogen, on the other hand, is well known for its ability to passivate different
impurities and defects in silicon [129]. However, the effectiveness of phosphorus
gettering and hydrogenation is less certain on GBs. Karzel et al. [20] studied GBs in
wafers cut from two individual mc-Si ingots with different metal contamination levels
and observed a distinct difference in their responses to gettering and hydrogenation.
Since phosphorus gettering and hydrogenation are incorporated in common solar cell
fabrication during the formation of the pn junction, and during firing of metal contacts
through the antireflection coating, in which hydrogen in the silicon nitride film diffuses
into the bulk, understanding the response of GBs to those two processes is important, as
it allows the possibilities of mitigating their detrimental effects during solar cell

production.

Although GBs have been studied extensively in the literature, the underlying
mechanisms of GB behaviour are still not fully understood. One of the challenges has
been the lack of an accurate and reliable method for quantifying the recombination
activities of GBs which can be applied to a large number of GBs for a statistically
relevant analysis. In this chapter, we quantify the recombination strength of GBs in
terms of their effective surface recombination velocities (S;z), using the method
presented in Chapter 4. This provides a more meaningful and absolute measure of the
recombination properties of a GB compared to the commonly used signal contrast
methods [5, 20], which give only a qualitative representation, and strongly depend on
the lifetime of the intra-grain regions. We compare S of a relatively large number of
GBs in mc-Si wafers with different contamination levels, and evaluate their variation
after phosphorus gettering and hydrogenation, aiming to obtain a better understanding
of the recombination activities of GBs. The injection dependent behaviour of GBs is
investigated as different decorating impurities may give rise to different injection
dependent recombination properties [19]. In addition to band-to-band PL imaging, sub-
bandgap PL emitted from several selected GBs is also studied through applying micron
scale photoluminescence spectroscopy at low temperature (79 K). Lastly, the
detrimental impact of GBs on a solar cell device is discussed, based on numerical

simulations.
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5.2 Experimental Methods

5.2.1 Sample Preparation

Mc-Si wafers used in this work were around 330 pm thick and were cut at heights of
33%, 68% and 91% from the bottom of a commercially grown p-type boron doped
directionally solidified ingot. The wafers have a background doping of around 1.3 x
10 cm™3, 1.5 x 101® cm™3 and 1.9 x 10® cm™3 respectively and are referred as
W33, W68 and W91 in this work. The concentration of metallic impurities in the ingot
has been measured previously by neutron activation analysis (NAA) [130]. The
interstitial iron concentration in the same ingot before and after gettering and
hydrogenation was also studied by Tan et al. [131] and Liu et al. [132] through QSSPC
and PL imaging techniques. The different positions in the ingot lead to large differences
in the amount of metallic impurities in the wafers, for example, the total concentration
of iron in the wafers studied here was found to be approximately 2 x 10** cm™=3 for
wafers from 33% and 91% of the ingot and 5 x 103 ¢m™~3 for wafers from 68% of the
ingot [130].

After a short chemical etching using HF and HNO3 acid to remove saw damage, sister
wafers from each position were divided into four groups (A, B, C, D). Wafers from
groups A and C were phosphorus gettered. Phosphorus gettering was performed through
subjecting the wafers to a 30 min POCI; diffusion at 880°C, followed by an extended
annealing in an N, ambient for more than 12 hours at 600°C in the same diffusion
furnace, resulting in sheet resistance values of around 20 /o measured using a 4-point
probe. Such extended gettering has been shown to produce the most effective gettering
for mc-Si [133, 134]. The wafers were then chemically etched to remove the
phosphorus diffused layers. Afterward, wafers from group A and B received silicon
nitride films on both surfaces for passivation, while their sister wafers from group C and
D received silicon nitride films on the front surfaces and thin metallic aluminium films
(approximately 10 nm) on the rear surfaces using metal evaporation, to achieve
instantaneous rear surface recombination conditions. The double-side passivated wafers
from group A and B were used to estimate the bulk lifetime required for the modelling,

while the single-side passivated wafers from group C and D were used to investigate
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GB behaviour.

For hydrogenation studies, all wafers in each group had their dielectric or metallic films
etched off. All samples were then re-coated with fresh silicon nitride films and were
fired in a rapid thermal processing (RTP) furnace (Unitemp UTP-1100) for 3 min at
700°C in N2 ambient to produce bulk hydrogenation. After firing, all annealed silicon
nitride films were removed via HF dip and the samples were re-passivated with fresh
films for measurements. All samples were chemically etched to remove around 3 pm of
silicon using HF and HNOj3 acid after each removal of the surface films, to remove any
surface defects which may have formed during the firing or film deposition. The
deposited silicon nitride films in this work were around 85 nm thick and were deposited
with a Roth & Rau AK400 plasma enhanced chemical vapour deposition (PECVD)

system with deposition temperatures between 250°C and 300°C.

Note that instead of the more typical 180 wm thick wafers, thicker mc-Si wafers were
chosen in this work to allow for higher excess carrier densities inside the single-side
passivated samples. This increases the signal to noise ratio in the PL images and allows
the measurements to be performed with a lower incident photon flux, which is
necessary for the injection dependence analysis described below. It should also be
mentioned that this ingot was grown approximately 10 years ago, and may not
necessarily represent the state of the art mc-Si materials.

5.2.2 Micro-photoluminescence spectroscopy

Micro-photoluminescence spectroscopy was performed with a Horiba Jobin-Yvon
T6400 micro-Raman spectrometer. The excitation source is a 532 nm laser with an
estimated power of 10mW and a spot size of 2-3 microns. The emission is passed
through a monochromator with a 150 lines/mm grating, and detected by a liquid

nitrogen cooled InGaAs detector.
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5.3 Results and discussion

As-grown Gettered Hydrogenated Gettered &
Hydrogenated

Figure 5.1 - PL images of several selected single-side passivated mc-Si wafers studied in this work
before and after gettering and hydrogenation. W33, W68 and W91 represent samples from 33%,
68% and 91% from the bottom of the mc-Si ingot respectively. The individual PL images are
normalised against the PL intensity of intra-grain regions far away from crystal defects. The same
scale is applied in all the images. GB1 and GB2 are two selected GBs used for micro-

photoluminescence spectroscopy measurements in Section 5.3.5.

Figure 5.1 shows PL images of several selected mc-Si wafers studied in this work
before and after gettering and hydrogenation. It illustrates that the recombination
behaviour of GBs varies among the studied mc-Si ingot and after gettering or
hydrogenation. Figure 5.2 compares the influence of phosphorus gettering and
hydrogenation on the lifetime of the intra-grain regions and their overall impact on S;5
of GBs from three different positions of the ingot. The intra-grain lifetimes are
measured in regions far away from the GBs, from PL calibrated lifetime images after

applying carrier de-smearing technique [84], as described in Section 2.2.2.3. The S, of
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GBs are extracted from PL images captured under the same photon flux of 2.7 x
108 cm~=2s71. The reasons for comparing S;p values under the same excitation
condition are explained below in Section 5.3.6. Note that a higher GB effective surface

recombination velocity (S;5) corresponds to greater recombination.
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Figure 5.2 - (a) Average T, Of several intra-grain regions from three positions of a mc-Si ingot,
before and after gettering and hydrogenation. The lifetime values are measured with an excess
carrier density of 1 x 105 ecm=3. The error bars denote one standard deviation of the data. The
errors for the as-grown samples are small, only around 4 us, hence the error bars are not visible in
the figure. (b) S¢p of various GBs before and after gettering and hydrogenation. The median
values, as well as 25 and 75 percentiles are marked by horizontal bars, the means by squares. W33,
W68 and W91 represent samples from 33%, 68% and 91% from the bottom of the mc-Si ingot
respectively. The total numbers of sampled intra-grain regions and GBs are shown above the y-

axis.
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Before any processes, the average intra-grain lifetime of wafers from the middle of the
ingot is the highest among all the samples and their median S, value of the GBs is the
lowest. The former is likely to be due to lower impurity concentrations in wafers from
the middle of an ingot compared to wafers near the bottom and the top of the ingot due
to segregation from the liquid phase and diffusion from the crucible during
solidification [130]. The latter is consistent with the study by Chen et al. [5], who
suggested that GBs are not intrinsically electrically active, and only become

recombination active when decorated with impurities such as iron.

The intra-grain regions from three different positions of the ingot respond similarly to
gettering and hydrogenation. Phosphorus gettering is very effective for improving the
intra-grain lifetimes especially on samples with higher levels of impurities, in which
their lifetimes after gettering are even comparable to the gettered lifetimes on cleaner
wafers from the middle of the ingot. The benefit of hydrogenation alone on the intra-
grain lifetime is clear, but it is not as effective as phosphorus gettering. Performing both

gettering and then hydrogenation results in the highest intra-grain lifetimes.

In terms of the GB behaviour, a similar trend can be observed for the surface
recombination velocities of GBs near the bottom and the top of the ingot. Their median
increases slightly after gettering and decreases dramatically after hydrogenation. On the
other hand, GBs located close to the middle of the ingot react differently. Gettering or
hydrogenation alone induces a significant increase in the median S;z values on as-
grown GBs. Unexpectedly, the median S;5 values of these cleaner samples after either
gettering, hydrogenation, or both processes, are even higher than the medians of the
more contaminated samples. In order to explore the cause of such behaviour, we next
compare the variation of the recombination strength of individual GBs after each

process.
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5.3.1 Influence of gettering or hydrogenation on as-grown

GBs
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Figure 5.3 - S¢p of individual GBs before and after (a) gettering and (b) hydrogenation. W33, W68
and W91 represent GB location, from 33%, 68% and 91% from the bottom of the mc-Si ingot
respectively. The diagonal line represents zero variation. Data points above this line correspond to
GBs with an increase of S;g after processes, and vice versa. The value of 100 cm/s is the lower

detection limit of the PL imaging based measurement technique used.

Figure 5.3 shows S;p values of each GB before and after either gettering or
hydrogenation alone. Comparing Figure 5.3(a) and (b), it can be seen that the impact of
gettering and hydrogenation is similar on as-grown GBs. Nearly all GBs from the
middle of the ingot become more recombination active after gettering or hydrogenation
alone, while GBs from the top and bottom regions have a more varied response. While
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the reduction in their S; values could be due to external gettering of impurities at GBs
to the heavily doped phosphorus diffused layers, or due to hydrogenation, the causes for
the increase in their S;g values are less clear. The striking feature is that hydrogenation
does not reduce but in fact increases the recombination strength of nearly all the GBs
from the middle of the ingot and some of the GBs from the top and bottom regions. This
increase is unlikely to be caused by the injection dependence of Sz and the increase of
excess carrier concentration at the GB after the processes as a result of higher lifetime in
the intra-grain region, owing to the use of single-side passivated samples coupled with
the fact that GBs tend to be less active as injection level increase, as described below.
The similar trend in Figure 5.3(a) and (b) suggests that it may be the thermal treatment
itself that is the main driving force causing the increase in the recombination properties
of GBs after gettering or hydrogenation.

Note that this observation cannot be due to internal gettering of metal impurities from
deep in the intra-grain regions [135] as the time duration for the hydrogenation process
is only around 3 minutes, which is too short for impurities such as iron to diffuse to the
GBs [50]. Moreover, as-grown GBs, in general, should be more influenced by such
internal gettering from deep within the grains, due to the fact that the slow ingot cooling

allows more time for impurities to diffuse to or precipitate at GBs.

Other possible mechanisms are therefore considered. Firstly, the high temperature used
for the processes could dissolve some small, unstable metal precipitates, leading to a
redistribution of impurities [29]. Metal precipitates may exist in different forms,
structures or compositions in mc-Si [126, 136-138], and studies have shown that their
phases could depend on the thermal history of the material. For example, Buonassisi et
al. [139] reported that precipitates formed after a lower temperature anneal (655°C)
exhibit distinguishing features to those formed as a result of higher-temperature
annealing (1200°C) and crystal growth (1414°C). Secondly, in addition to the
influence of temperature, the rapid cooling after the high temperature step might drive
formation of point defects or metal precipitates with relatively smaller size, compared to
larger precipitates formed during ingot cooling in which more time is available for
impurity atoms to diffuse and precipitates to grow [136]. These can affect the

recombination properties of GBs.
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Moreover, Figure 5.2(b) shows that, contrary to as-grown samples, the median S;p
values of GBs from the middle of the ingot are higher than the medians of GBs from the
top and bottom after gettering or hydrogenation. This suggests that the high temperature
steps or the rapid quenching applied, as mentioned above, have more substantial
influence on GBs in cleaner samples than GBs in more contaminated samples. The
following hypothesis is proposed to explain the observed behaviour. In a clean sample,
as-grown GBs are not decorated with metal precipitates; hence there may be no pre-
existing precipitation sites around GBs, resulting in the formation of a larger number of
small precipitates. On the other hand, in more contaminated samples, metal precipitates
around decorated GBs could act as pre-existing sites for metals to precipitate and grow
during the thermal processes, leading to metal precipitates with relatively larger sizes
and lower densities. It was suggested that, for the same average concentration of
impurities, few large precipitates exhibit less recombination activity than many
dispersed small precipitates [29, 140].

5.3.2 Influence of hydrogenation on GBs with or without a

pre-gettering step

Figure 5.4(a) shows the effectiveness of hydrogenation on gettered GBs. Unlike its
impact on as-grown GBs, as shown in Figure 5.3(b), it can be seen that hydrogen is very
effective in reducing the recombination strength of all gettered GBs, independent of
their positions in the ingot. Figure 5.4(b) compares the effectiveness of hydrogenation
on GBs with or without a pre-gettering step. It can be seen that GBs with a pre-gettering
step tend to benefit more from hydrogenation compared to as-gown GBs. This is in
agreement with a previous study by Karzel et al. [20]. One possible explanation for the
observed behaviour is that hydrogen is more effective in passivating impurities of
certain forms such as interstitial impurities or smaller metal precipitates, which may be

formed in greater amounts after gettering, as suggested above.
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Figure 5.4 — (a) S;p of gettered GBs before and after hydrogenation. (b) Effectiveness of
hydrogenation on GBs with or without a pre-gettering step. W33, W68 and W91 represent GB
location, from 33%, 68% and 91% from the bottom of the mc-Si ingot respectively. The diagonal
line represents zero variation. Data points above this line correspond to GBs with an increase of
Sep after processes, and vice versa. The value of 100 cm/s is the lower detection limit of the PL

imaging based measurement technique used.

5.3.3 Influence of both gettering and hydrogenation on as-
grown GBs

Figure 5.5 summarises the combined influence of gettering and hydrogenation on as-

grown samples, representing the variation of the recombination properties of GBs after

these common solar cell fabrication processes combined. A diverse response among

various GBs is observed, while some GBs become more recombination active after the
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processes, some become less active. This can be due to variations in the GB geometry

or type, which can have an impact on the ability to aggregate metal impurities [22, 141].
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Figure 5.5 — S of individual GBs before and after gettering and hydrogenation. W33, W68 and
W91 represent GB location, from 33%, 68% and 91% from the bottom of the mc-Si ingot
respectively. The diagonal line represents zero variation. Data points above this line correspond to
GBs with an increase of S;p after processes, and vice versa. The value of 100 cm/s is the lower

detection limit of the PL imaging based measurement technique used.

Electron Backscatter Diffraction (EBSD) measurements were performed to identify the
GB types. However, around 80% of the sampled GBs were found to be random angle
(RA) GBs. The number of GBs of other identifiable types (CSL GBs) is insufficient to
allow a statistically relevant comparison of GBs of different types. This is because most
of the GBs of other types such as 3 or £9 GBs are less active [5] and our method is
best applied on recombination active GBs with a distinct PL profile, and is not sensitive
to inactive GBs (Sg;p < 100 cm/s). The analysis is further complicated by the fact that
the electrical properties of RA GBs can vary over a large range as they consist of GBs
with a wide range of different misorientation configurations, which cannot be
categorised easily. Given these limitations, 1 am not able to meaningfully compare GBs
according to their geometry. Instead, we look into the injection dependence of the S;z
of the GBs and use it as an alternative classification method to obtain a better

understanding of the root cause of their recombination activities.
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5.3.4 Injection dependence of S;p
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Figure 5.6 — Injection dependent S; of GBs of (a) Type A (b) Type B before and after different
processes. GBs of type A show a rather strong injection dependence, while GBs of type B exhibit
little injection dependence before gettering.

Our method allows the injection dependence of S; to be explicitly determined, through
applying the modelling to PL images captured at different laser intensities, or injection
levels. Figure 5.6 (a) and (b) show two distinct injection dependent behaviours that were
commonly observed in the sampled GBs. GBs of type A exhibit similar injection
dependence before and after gettering or hydrogenation, while GBs of type B reveal
little injection dependence before gettering, but show a larger injection dependence after
gettering or hydrogenation, with S5 increasing as the injection level decreases. It is
found that most of the GBs from the middle of the ingot are type A, whereas type A and

type B GBs exist in a more balanced ratio in wafers from the top and the bottom regions.
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Figure 5.7 — S;p of GBs, classified according to their injection dependence, before and after (a)
gettering (b) hydrogenation (c) gettering and hydrogenation. Type A and Type B represents the
injection dependence of the GB as noted in Figure 5.6(a) and (b) respectively. The diagonal line
represents zero variation. Data points above this line correspond to GBs with an increase of S;p
after processes, and vice versa. The value of 100 cm/s is the lower detection limit of the PL

imaging based measurement technigque used.
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Figure 5.7 compares the response of type A and type B GBs to gettering and
hydrogenation. GBs of type A, in general, become more recombination active after
gettering, while GBs of type B have a more varied response. Surprisingly,
hydrogenation induces a very different response in the GBs. GBs of type B become less
active after hydrogenation, whilst those GBs of type A react diversely. The results here
imply that the two types of GBs might have different origins for their recombination
activities, and that these origins significantly affect how they react to different process
steps. Literature concerning the injection dependent properties of GBs is not common.
However, it is well known that impurities in silicon can cause different injection
dependent characteristics because of their variations in the energy level and capture
cross-sections [19]. It has also been shown that dislocations, when decorated, exhibit a
strong injection dependence with their recombination properties, owing to Coulomb
band bending [26, 126]. Combining this with the fact that we observe more GBs of type
A in the cleaner wafers from the middle of the ingot compared to the more
contaminated wafers from the top or the bottom, we speculate that the distinct injection
properties between the two types of GBs are caused by different concentrations of

various decorating metal impurities.

Overall, as shown in Figure 5.7(c), most of the GBs of type B tend not to be
recombination active after both gettering and hydrogenation, and their S5 values drop
below the detection limit of our method, indicating that hydrogenation with a pre-
gettering step is very effective in reducing their recombination strength. Such GBs are
less likely to affect the final cell performance in comparison with GBs of type A.
Considering that there are more type B GBs in wafers from the top and the bottom
regions, their median S;5 values after various process steps are likely to be lower than
the medians of the cleaner samples, and that is consistent with our experimental results,

as illustrated in Figure 5.2(b).
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5.3.5 Sub-bandgap photoluminescence
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Figure 5.8 — PL spectra of two selected GBs from middle of the ingot, as highlighted in Figure 5.1.
A and G denote as-grown and gettered GBs respectively. BB and BBPR denote band-band line and

the first phonon replica of the band-band line respectively.

In addition to band-to-band PL imaging, micro-PL spectroscopy technique was also
applied to measure sub-bandgap PL emitted from several selected GBs at low
temperature (79K), using it as an additional tool to analyse GBs. It is found that for
GBs from the middle of the studied ingot (W68), distinct sub-bandgap PL spectra were
detected from GBs that are already active in the as-grown state and gettering activated
GBs. An example performed on two selected GBs from the middle of the ingot, as
highlighted in Figure 5.1, is shown in Figure 5.8. Figure 5.9 shows their corresponding
injection dependent S, values before and after gettering. GB1 is a £27 GB, while GB2
is a RA GB with misorientation angle of 33° along the axis [342]. GB2 is not
recombination active in the as-grown state, but becomes very active after gettering,
while GBL1 is active even before gettering. Sub-bandgap PL around 1400 nm is only
observed on GB2 after gettering, indicating the possibilities of different origins for the

recombination activities in intrinsic active GBs and gettering activated GBs.
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Figure 5.9 — PL image of injection dependent S;5 of GB1 and GB2, as highlighted in Figure 5.1,
before and after gettering. Both GBs are type A GBs.

The observed sub-bandgap PL could be related to the well-known dislocation
luminescence or D-lines detected from dislocations [142-144]. Tajima et al. [144]
studied D-lines emitted from dislocation networks or so-called small angle GBs in mc-
Si materials and attributed the origin of D1/D2 lines (detected at 1530 and 1410 nm) to
secondary defects or impurities trapped by the strain field around the dislocations and
D3/D4 lines (detected at 1330 and 1240 nm) to the intrinsic nature of dislocations. The
observed sub-bandgap PL at around 1400 nm from GB2 could be due to the certain
types of impurities such as interstitial impurities or small metal precipitates that formed
around the GB after gettering. These impurities could be responsible for the dramatic
increase in its S;p value. Further studies are needed to identity the root cause for the
observed sub-bandgap PL. Nevertheless, the work presented in this section highlights

the possibility of using sub-bandgap PL to detect or identify certain impurities at GBs.
5.3.6 Limitations of the analysis

The following limitations of our analysis are noted. Firstly, the analysis presented above
is solely based on a single mc-Si ingot. The results may not always be applicable to all
multicrystalline silicon materials. As shown previously by Karzel et al. [20] and this
work, the electrical properties of GBs can be strongly affected by the impurity content
and the thermal history of the ingot, which can vary to a large extent depending on the
ingot growth conditions. Moreover, it should be noted that instead of a standard
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industrial diffusion process, we chose to use a higher deposition temperature followed
by an extended anneal for our phosphorus diffusion process in order to improve the
gettering effectiveness, and maximise the global lifetime after gettering, as suggested in
previous studies [133, 134, 145]. The process conditions, such as the temperature and

time used for the gettering or hydrogenation, could affect the results.

Secondly, all the S;g values shown in this work are extracted under the same photon
excitation condition. The extracted S; value only represents the surface recombination
velocity of a GB at a particular injection level. The precise excess carrier density at the
GB depends not only on their recombination properties, but also other parameters such
as the generation rate, the excess carrier density of the neighbouring grains and the
thickness of the sample. Therefore, even with the same generation rate, the excess
carrier density at GBs can vary. Considering that some GBs exhibit strong injection
dependence, comparing S;g values at different injection levels might yield different
results, causing some uncertainty in our analysis. This uncertainty, however, is expected
to be largely reduced in this work by using single-side passivated samples as the excess
carrier density of the intra-grain regions in such cases is more strongly limited by the
infinite surface recombination at the rear surfaces. It is certainly beneficial to compare
the entire range of injection dependence of S;. But in reality, it is difficult to do so
when comparing a large number of GBs. Moreover, from a material perspective, it
might be more meaningful to compare S;z at a fixed excess carrier concentration.
However, owing to large variation in S;z (from 100 cm/s to 10000 cm/s), the carrier
concentration at GB under constant generation can be very different. Being limited in
practice by the maximum laser intensity and noise in the PL images at lower incident
photon flux, we were not able to achieve the same excess carrier concentration for all
the GBs.

Thirdly, we only evaluate recombination active GBs in this work, as our quantification
method, when applied on single-side passivated samples, is not sensitive to inactive
GBs (Sgp < 100 cm/s). As a result, our sample group does not reflect the total
population of different types of GBs in a typical mc-Si wafer. However, given that the
final cell performance is more influenced by the recombination active GBs compared to
the inactive ones, analysing the active GBs, which is the emphasis of this work, is
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actually more relevant. Moreover, the commonly used CSL index also has its
limitations as it only describes the misorientation between the neighbouring grains
forming the GB, but not the exact position of the grain boundary plane. The location of
the grain boundary plane can affect their electrical properties [141, 146, 147], for
example, it is reported that £3 {110} or £3 {112} GBs are much more recombination
active than £3 {111} GBs [62, 63].

Lastly, around 100 GBs are studied in detail in this work. The sample size is large
enough for a statistically meaningful analysis. A larger sample size was not practical
due to the fact that the method for quantifying the recombination behaviour of

individual GB is somewhat time consuming.
5.3.7 Detrimental influence of GBs on solar devices

It is worth noting that S, represents the intrinsic recombination properties of a GB.
The overall impact of a GB on a solar cell depends also on other conditions such as the
generation rate, the surface conditions, the intra-grain lifetime and the operating
conditions. By way of demonstration, we simulate the PL intensity profile across a GB
with S;g of 1000 cm/s under four surface conditions, assuming S;g is injection
independent. The result is shown in Figure 5.10. The total reduction in the PL intensity

represents the effective influence of a GB on the neighbouring regions.

The first two simulations assume: an ideal sample without any surface recombination;
and a sample with a perfectly passivated front surface and an infinite surface
recombination velocity at the rear. The former represents well passivated samples that
are commonly used for investigating GB behaviours. The latter is analogous to the
samples studied here in this work. Comparing their PL profile, it can be seen that
surface recombination reduces the overall impact of a GB as it acts as another
competing recombination channel for carriers. In addition, we simulate two other
conditions that are more related to a solar cell, namely: a non-perfectly passivated
sample; and a passivated diffused sample. The J, for the front and rear surfaces of both
samples are assumed to be 80 fA/cm?, and the sheet resistance for both surfaces of the
diffused sample is set to be 100 Q/[ ], both of which are typical values for an industrial

solar cell. The influence of the heavily doped region is simulated using the conductive
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boundary approach [119], as discussed in Section 4.2.3.1. As illustrated in Figure 5.10,
heavily doped regions act as conductive layers which provide additional paths for
carriers to flow to the GB, hence further extending the influence of a GB across the

wafer.
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Figure 5.10 — Simulated PL profile across a GB with S;p of 1000 cm/s under various surface
conditions. Only one side of the PL profile is shown as the PL profile is symmetrical. The bulk
lifetimes of the neighbouring grains are assumed to be injection independent and are set to be

500 ps. The wafers are illuminated with incident photon flux, 2.3 x 1017 cm~2s~1, at 808 nm.

Another example is demonstrated in Figure 5.11, comparing the PL profile across a GB
with different S;z on an ideal sample without any surface recombination and a
passivated diffused sample. For the ideal sample, the PL profile is sensitive to variations
in Sgg When S << 1000 cm/s and only varies slightly once Sz exceeds 2000 cm/s.
This indicates that, in the absence of diffused layers and surface recombination, the
impact of a GB saturates when S reaches a certain value. This is due to the fact that
the recombination rate in this situation is limited by the transport of carriers to the GB
rather than its intrinsic recombination properties. In contrast, as shown in Figure 5.11(b),
the PL profile for the passivated diffused sample does not converge even when S;p
reaches 10* cm/s or above. This implies that the varying electrical properties among
GBs are likely to have a larger impact on a solar cell compared to test structures such as
well passivated and non-diffused samples that are commonly used for investigating GB

behaviours.
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Figure 5.11 - Sensitivity of PL profile on Sgp for (a) an ideal sample without any surface
recombination (b) a passivated diffused sample. Only one side of the PL profile is shown as the PL
profile is symmetrical. The bulk lifetimes of the neighboring grains are assumed to be injection
independent and are set to be 500 us. The wafers are assumed to be illuminated with the same

incident photon flux, 2.3 x 1017 cm~2s~1, at 808 nm.

Moreover, the range of influence of GBs tends to be larger under open circuit conditions
in comparison to short circuit conditions. Under open circuit conditions, carriers can
flow freely from the intra-grain regions to the crystal defects either via the heavily
doped regions or bulk diffusion [148, 149]. Under short circuit conditions, most of the
carriers that reach the pn junction are likely to be collected at metal contacts and

extracted to external circuit instead of flowing into GBs or dislocations. This is
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demonstrated in Figure 5.12 which shows a two dimensional simulation, performed
with Sentaurus [121], of the electron concentration around a GB with S;5 of 1000 cm/
s at different operating conditions. In Figure 5.12, lateral variation in the electron
concentration is due to GB recombination, whereas the vertical variation is caused by
charge collection and recombination in the heavily doped regions. It can be seen that the
influence of GB is at maximum at open circuit condition. Their impact reduces at
maximum power point and reaches minimum at short circuit conditions in which the

carrier density is strongly dominated by charge collection and emitter recombination.
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Figure 5.12 — Electron concentration around a GB with S,z of 1000 cm/s at (a) open circuit, (b)
maximum power point and (c) short circuit condition. The bulk lifetimes of the neighbouring grains
are assumed are set to be 500 ps. The samples are illuminated at approximately one sun. The J, for
the front and rear surfaces are around 120 fA/cm? and 90 fA/cm? respectively. The width and
thickness of the sample are set to be 1 cm and 200 pm respectively. Note the different scale for the

electron concentration in each figure.

Although the overall impact of a GB on a solar cell depends not only on the GB itself,
studying the intrinsic electrical properties of a GB is still important as it may allow us to
understand the origins of their recombination behaviour. Moreover, based on the

extracted S;p value, one can also perform numerical modelling to estimate the
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recombination losses induced by a GB in a solar cell under different operating

conditions, and in the presence of diffusions.
5.4 Conclusions

Our results demonstrate that impurity levels significantly impact the electrical
properties of as-grown GBs, and also their response to phosphorus gettering and
hydrogenation. Gettering or hydrogenation steps alone induce a significant increase in
the recombination strength of nearly all GBs near the middle of the studied ingot. We
speculate this might be due to the high temperature used for the processes or the rapid
quenching afterwards, which changes the form of the impurities around the GBs. The
influence of gettering or hydrogenation steps alone varies on GBs in samples with
higher levels of impurities. Interestingly, hydrogenation, in general, is much more
effective on gettered GBs compared to as-grown GBs. A distinct difference in the
injection dependence of the recombination properties of GBs is also observed. While
some GBs exhibit little injection dependence before gettering, others show a rather
strong injection dependence, with S, increasing as the injection level decreases. The
former type of GBs tend not to be recombination active after both gettering and
hydrogenation, with their S;5 values dropping below the detection limit of our method,
and are thus less likely to affect the final cell performance in comparison with GBs of
the latter type. Moreover, distinct sub-bandgap PL spectra were detected from GBs that
are already active before gettering and gettering activated GBs, suggesting different

origins for their recombination activities.
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Chapter 6
Direct comparison of the electrical
properties of various multicrystalline

silicon materials for solar cells

6.1 Introduction

Conventionally grown p-type boron doped multicrystalline silicon has been the main
stream in mc-Si solar cell production over the past decade. However, due to their lower
intrinsic material quality, they are generally not suitable for high efficiency solar cells.
Recent development of the crystal growth technology has led to the production of
various types of mc-Si materials with great potential for high efficiency low cost solar
cells. Two notable examples of such are the n-type phosphorus doped mc-Si and the
seed-assisted growth high performance mc-Si.

The advantages of n-type materials over p-type materials, such as their higher tolerance
to metal contaminations and the absence of boron-oxygen-related defects, have already
been demonstrated on monocrystalline silicon, but are not yet widely recognised in mc-
Si industry. Direct comparisons of p-type and n-type mc-Si are rare in the literature.
Schindler et al. [150] compared the potential cell efficiency of conventionally solidified
p-type and n-type mc-Si materials crystallised under the same conditions, through
simulations with PC1D [151] and Sentaurus [121], based on lifetime images captured
using PL after different solar cell process steps. The analysis suggests a higher material
related efficiency for conventional n-type mc-Si in comparison with conventional p-type
mc-Si. However, in another study, Schindler et al. [152, 153] applied the same analysis
to high performance mc-Si, and found that both the investigated high performance p-
type and n-type mc-Si wafers feature comparable diffusion lengths after phosphorus
gettering. Moreover, Geerligs et al. [29] evaluated the effects of phosphorus gettering

and hydrogenation on crystal defects in conventionally solidified p-type and n-type mc-
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Si, and observed no fundamental difference between the p-type and n-type materials in

terms of the recombination activities of crystal defects.

On the other hand, despite the fact that high performance mc-Si materials have already
been widely adapted in mc-Si industry, detailed studies on the electrical properties of
high performance mc-Si are scarce. Lan et al. [11] suggested that the improvement in
their cell efficiency compared to conventionally solidified mc-Si solar cells, is due to
the reduction of dislocation density in the material, achieved by growing mc-Si ingots
with smaller grains through nucleation and grain control. The reduction of grain size
should, in principle, increase the spatial density of GBs. It is still unclear why the cell
performance in high performance mc-Si does not suffer from a higher GB density. Yang
et al. [12] argued that it is due to low area percentage of GBs in mc-Si. The argument,
however, falls short to explain the detrimental influence of dislocations to cell
performance given that the area percentage of dislocations in mc-Si is small as well.
Moreover, the detrimental impact of crystal defects is not restricted at the defects

themselves, but extends to areas around the defects due to lateral carrier diffusion.

In this chapter, the recombination properties of conventionally solidified n-type mc-Si
wafers and high performance p-type mc-Si wafers are directly compared with the
conventional p-type mc-Si wafers studied in Chapter 5. Figure 6.1 shows PL images of
the three types of mc-Si wafers studied here. Recombination active GBs appear as dark
lines, whereas dislocation networks appear as dark clusters in the PL images. As
illustrated in Figure 6.1, the recombination behaviour in a mc-Si wafer can be divided
into three distinct regions, namely the intra-grain regions, GBs and the dislocation
networks. These three distinct regions of the wafers are examined in detail in this
chapter, along with their response to phosphorus gettering and hydrogenation. It is
important to consider the influence of phosphorus gettering and hydrogenation when
evaluating mc-Si materials as it has been shown that the electrical properties of mc-Si

can change significantly after these processes [131, 150, 154, 155].

The electrical properties of intra-grain regions are assessed based on their minority
carrier lifetimes and diffusion lengths, which are experimentally determined as a
function of injection level from PL calibrated carrier lifetime images. The

recombination activities of grain boundaries are compared quantitatively in terms of
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their effective surface recombination velocities (S;g), using the method presented in
Chapter 4. Lastly, the recombination behaviour of dislocations is evaluated qualitatively

based on PL images.

Figure 6.1 - PL images of as-grown unpassivated mc-Si wafers from the (a) conventional p-type, (b)

n-type and (c) high performance p-type mc-Si ingot studied in this work. Note that different scales
were applied to the images to allow a better visual inspection of grain size, spatial distribution of
GBs and dislocation networks. Examples of an intra-grain region, GB and dislocation network are

highlighted in blue, magenta and red.
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6.2 Experimental Methods

6.2.1 Sample preparation

Wafers used in this work were cut from three commercially grown directionally
solidified mc-Si ingots, that is, a conventional p-type boron doped ingot, a conventional
n-type phosphorus doped ingot, and a high performance p-type boron doped ingot. The
conventional n-type and high performance p-type mc-Si wafers were around 180 um
and 200 um thick respectively and have a similar background doping of around
1.2 x 10'® cm™3. Conventional p-type mc-Si wafers that have been studied previously
in Chapter 5 are used as references for comparison. They were around 330 pum thick
with a background doping of 1.5 x 10® cm™3 and were cut from the middle of the
ingot (denoted as W68 in Chapter 5). Wafers with similar background doping were
selected in this work to avoid its potential impact on carrier lifetime, and therefore allow
direct comparisons of lifetimes and diffusion lengths between the samples. Note that, in
principle, the variation in wafer thickness could impact their response to gettering or
hydrogenation to some extent. However, we expect such effects to be small given the
long annealing time used for the phosphorus gettering, as shown below, and the high

diffusivity of hydrogen at the firing temperature (700°C) [156].

The sample preparation procedures are the same as those used in Chapter 5. After a
short chemical polishing etch using HF and HNO3 acid to remove saw damage, sister
wafers from each ingot were divided into two groups (A, B). Wafers from group A were
phosphorus gettered. Phosphorus gettering was performed through subjecting the wafers
to a 30 minute POCI; diffusion at 880°C, followed by an extended annealing in an N
ambient for more than 12 hours at 600°C in the same diffusion furnace, resulting in
sheet resistance values of around 20 /o measured using a 4-point probe. The wafers
were then chemically etched to remove the phosphorus diffused layers. Afterwards, half
of the sister wafers from both group A and B received silicon nitride films on both
surfaces for passivation, while the other half of the wafers received silicon nitride films
on the front surfaces and thin metallic aluminium films (approximately 10 nm) on the
rear surfaces using thermal evaporation, to achieve instantaneous rear surface

recombination conditions. The double-side passivated wafers were used to evaluate the
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bulk lifetime of the intra-grain regions, while the single-side passivated wafers were
used to investigate dislocations qualitatively and GB behaviour quantitatively, using
method presented in Chapter 4.

For hydrogenation studies, all wafers had their dielectric or metallic films etched off.
All samples were then re-coated with fresh silicon nitride films and were fired in a rapid
thermal processing (RTP) furnace (Unitemp UTP-1100) for 3 min at 700°C in N;
ambient to produce bulk hydrogenation. After firing, all annealed silicon nitride films
were removed via HF dip and the samples were re-passivated with fresh films for
lifetime measurements. All samples were chemically etched to remove around 3 um of
silicon using HF and HNOs; acid after each removal of the surface films, to remove any
surface defects which may have formed during the firing or film deposition. The
deposited silicon nitride films in this work were around 85 nm thick and were deposited
with a Roth & Rau AK400 plasma enhanced chemical vapour deposition (PECVD)

system with deposition temperatures between 250°C and 300°C.
6.2.2 Characterisation methods

In this work, we choose to compare both the minority carrier lifetime and diffusion
length of the intra-grain regions, to allow a more meaningful comparison between the p-
type and n-type wafers. The lifetimes of intra-grain regions and their injection
dependence were extracted from a series of calibrated PL lifetime images captured at
different laser intensities, on the double-side passivated samples, measured in areas far
away from crystal defects, after applying carrier de-smearing technique [84] described
in Section 2.2.2.3.

Single-side passivated samples were used for evaluating dislocations. This is because
dislocations tend to form closely packed loops or networks in mc-Si wafers. The
influence of multiple dislocations overlaps with each other and they appear as dark
clusters in the PL images of well passivated samples, making it difficult to isolate their
influence and analyse their properties. As mentioned in Section 4.4.2, the significant
shorter effective minority carrier diffusion lengths in single-side passivated samples
reduce the effect of carrier smearing and hence allow closely packed dislocation
networks to be studied more accurately.
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6.3 Results

6.3.1 Intra-grain regions
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Figure 6.2 - (a) average T, and (b) minority carrier diffusion length, of several intra-grain
regions from the studied conventional p-type (p mc-Si), n-type (n mc-Si) and high performance p-
type (HP p mc-Si) mc-Si wafers at an injection level equivalent to approximately 0.1 suns. The
error bars denote one standard deviation of the data. The total numbers of sampled intra-grain

regions are shown above the y-axis.

Figure 6.2 compares the minority carrier lifetimes and diffusion lengths of intra-grain
regions in the conventional p-type, n-type and high performance p-type mc-Si wafers at
approximately 0.1 sun conditions, which corresponds to an injection level close to
maximum power in a working solar cell [157]. The voltage of a solar cell is determined
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by the product of the free carrier densities at the edge of depletion region in the base,
which in turn depends directly on the minority carrier lifetime. It is observed from
Figure 6.2(a) that the average intra-grain lifetime of the conventional n-type material,
both before and after the different processes, is significantly higher than the p-type
materials. This agrees with literatures [150, 152, 154, 158, 159] that n-type mc-Si tend
to feature higher lifetime than p-type mc-Si, mainly due to their higher tolerance to
metal impurity contaminations. It is also noted that, although the average as-grown
intra-grain lifetime of the conventional p-type samples is considerably lower than the
high performance p-type samples, the difference is diminished after phosphorus
gettering and hydrogenation. This demonstrates that gettering and hydrogenation are in
fact very effective in removing and passivating as-grown impurities in lower quality p-
type mc-Si wafers. The results here imply that, among the intra-grain regions, the n-type
material is more likely to yield a higher voltage at maximum power than the p-type
materials, and both the conventional and high performance p-type materials would
perform similarly, assuming other parameters affecting the device voltage remain the

Same.

Interestingly, while hydrogenation alone is not very effective on p-type materials, it
largely improves the intra-grain lifetime in the n-type samples. The underlying
mechanism of hydrogenation is not fully understood yet. The observed behaviour could
potentially be related to the charge state of hydrogen. Most of the monatomic hydrogen
is positively charged during the high temperature process [160], hence they might be
more attractive to negatively charged impurities which are detrimental in n-type

materials due to columbic attraction, improving the effectiveness of hydrogenation.

In addition to minority carrier lifetimes, their diffusion lengths are also compared. The
current output of a solar cell is partly determined by the number of minority carriers that
diffuse to the collecting junction before recombining, and hence is affected directly by
the minority carrier diffusion length, rather than the carrier lifetime. Comparing Figure
6.2(a) and (b), it can be seen that the lifetime advantage of n-type material is largely
offset by its significantly lower minority carrier mobility, resulting in a similar minority
carrier diffusion length. After phosphorus gettering and hydrogenation, the average

diffusion length of the intra-grain regions in the n-type samples is only marginally
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higher than the other two p-type samples. Furthermore, the diffusion lengths of all three
samples are at least four times higher than the thickness of a typical modern solar cell
(around 200 um). In such cases its influence on the obtainable short circuit current
saturates as the vast majority of the generated carriers in the base can diffuse to the
junction. Under this condition, the current output of a solar cell is dominated by its
optical properties and surface recombination. This suggests that the three different
materials studied here are likely to have similar performance in terms of current output

from the intra-grain regions (ignoring the influence of nearby GBs and dislocations).
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Figure 6.3 - Injection dependent lifetime of intra-grain regions in the conventional p-type (p mc-Si),
n-type (n mc-Si) and high performance p-type (HP p mc-Si) mc-Si wafers after both gettering and
hydrogenation. Plotted also are the injection dependent lifetime of monocrystalline control samples
with a similar background doping to our mc-Si samples. The lines of constant generation rate at

approximately 0.1 sun and 1 sun are also plotted.

Figure 6.3 shows the injection dependent lifetimes of one of the studied intra-grain
regions in each type of the mc-Si wafer after both gettering and hydrogenation. It can be
seen that while there is no significant difference in terms of the intra-grain lifetime
between the three mc-Si materials at 1 sun condition, a substantial variation is observed
at 0.1 sun condition. The lifetimes of the p-type samples are subject to a strong injection
dependence and have a considerably lower lifetimes at low injection levels compared to
the n-type sample. This is likely due to the fact that many of the dominant impurities in
mc-Si, such as interstitial iron, act as donor levels [19] and have a larger electron

capture cross-section than hole capture cross-section, hence such impurities have a more
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detrimental influence in p-type materials than n-type materials at low injection levels, as
described in Section 2.1.3.

The lifetime measurement performed at 1 sun condition reflects the solar cell
performance at open circuit, whereas the measurement at 0.1 sun condition corresponds
to operating conditions close to the maximum power point, and is therefore more
relevant for a working device. The injection dependence of the lifetime, particularly the
reduction of lifetime between open circuit and maximum power conditions, leads to a
reduction of the fill factor in a solar cell [161]. Our results indicate that the p-type
materials are likely to suffer a lower fill factor than the n-type material.

Note that although all samples have been passivated with silicon nitride, the extracted
lifetimes could still be affected by surface recombination. Here, we also plotted the
injection dependent lifetime of passivated monocrystalline control wafers which have a
similar background doping to our mc-Si samples to demonstrate the quality of surface
passivation and to verify that the extracted lifetime values at 0.1 sun are not strongly

surface limited.

6.3.2 Grain Boundaries
(33) (37) (24)

E=] As-grown
10000 - (L] Gettered

T T T

Hydrogenated

Hydrogenated
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p mc-Si HP p mc-Si n mc-Si

100

Figure 6.4 - S;p of various GBs from the conventional p-type (p mc-Si), n-type (n mc-Si) and high
performance p-type (HP mc-Si) mc-Si wafers before and after gettering and hydrogenation. The
median values, as well as 25 and 75 percentiles are marked by horizontal bars, the means by
squares. The total numbers of sampled GBs are shown above the y-axis. The value of 200 cm/s is

the lower detection limit of the PL imaging based measurement technique used.
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Figure 6.4 compares S;z of GBs from the three groups of samples before and after
gettering and hydrogenation. It can be seen that the median S;p value of GBs from the
conventional p-type samples after gettering and hydrogenation are considerably higher
than the high performance p-type and conventional n-type samples. The higher
recombination activities of GBs in the conventional p-type samples are unlikely to be
related to the types of GBs, as it is expected that most of the sampled GBs in this work
are random angle (RA) GBs. This is because most of the GBs of other types such as X3
or X9 GBs tend not to be very recombination active [5] and our quantification method is
not sensitive to inactive GBs (Sgp < 200 cm/s). This is confirmed by Electron
Backscatter Diffraction (EBSD) measurements, which indicate that around 75% of the

sampled GBs in the conventional p-type samples are RA GBs.

The lower recombination activities of GBs in high performance mc-Si could contribute
to the improvement in its cell performance in comparison with conventional p-type mc-
Si solar cells, considering that there is little variation in their lifetime in the intra-grain
region, as described above. This could also be one of the reasons that a reduction in cell
performance for high performance mc-Si is not observable in reality even though they
contain a higher density of GBs, as a result of smaller grain size. Note that GBs in
conventional p-type, high performance p-type and conventional n-type samples exhibit
distinctive behaviours in response to the various process steps.

The influence of gettering and hydrogenation on GBs is evaluated through inspecting
the response of individual GBs to each process. The results are summarised in Figure
6.5. Our results show that phosphorus gettering increases the recombination strength of
all the GBs in the p-type wafers and most of the GBs in the n-type wafers. We suggest
that it is due to the high temperature applied during the process or the rapid quenching
afterward that causes a redistribution of impurities near the GBs [136, 139], as

explained previously in Section 5.3.1.
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Figure 6.5 - (a) The influence of phosphorus gettering on as-grown GBs. (b) The influence of
hydrogenation on gettered GBs. (c) The net influence of gettering and hydrogenation on as-grown
GBs. The diagonal line represents no change after processing. Data points above this line
correspond to GBs with an increase of S;p after processes, and vice versa. The value of 200 cm/s
is the lower detection limit of the PL imaging based measurement technique used. Note that some

data points in the figure overlap with each other, as some of the GBs have the same S;p.
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In contrast, hydrogenation reduces the recombination strength of all the gettered GBs.
Although the benefits of hydrogenation are clear, as shown in Figure 6.5(b), it appears
that the effectiveness of hydrogen passivation strongly varies among different materials,
as demonstrated in Figure 6.5(c), which shows that the net influence of phosphorus

gettering and hydrogenation varies largely for the three sets of samples.

As-grown GBs in high performance p-type samples tend not to be recombination active
and they become more active after both gettering and hydrogenation. On the other hand,
GBs in n-type samples show a completely opposite response. They are recombination
active in the as-grown state, but show a dramatic reduction in their recombination
strength after gettering and hydrogenation, with their S;z values dropping below the
detection limit of our method. Combining Figure 6.5(a) and (c), it can be seen that the
benefits of hydrogenation outweigh the detrimental effect of gettering for the studied n-
type samples, and vice versa for the high performance p-type samples. This echoes the
observation above in Section 6.3.1, suggesting that hydrogenation is more effective on
n-type mc-Si than p-type mc-Si. GBs from the conventional p-type samples have a more
varied response. Some of the GBs become more recombination active, whereas others
become less active. This varied response could be attributed to variation in the GB
geometry or type, which can have an impact on the ability to aggregate metal impurities
[22, 27, 141], as discussed as Section 5.3.3.

It should be mentioned that our finding, however, is contradictory to the results of
Geerligs et al. [29], who observed little difference in the recombination activity of
crystal defects between n-type and p-type mc-Si. It is noted that in general the electrical
properties of crystal defects can be strongly affected by the impurity content and the
thermal history of the ingot, which can vary to a large extent depending on the casting
conditions. The process conditions, such as the temperature used for the gettering or

hydrogenation, can also affect the results.
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6.3.3 Dislocations

As-grown Gettered Hydrogenated Gettered &
Hydrogenated
p
mc-Si
HPp
mc-Si
n
mc-Si

Figure 6.6 - PL images of dislocation clusters in conventional p-type (p mc-Si), high performance p-
type (HP p mc-Si) and conventional n-type (n mc-Si) samples. The individual PL images are
normalised against the PL intensity of an intra-grain region far away from the dislocations. The
same scale is applied in all the images.

As mentioned above, dislocations tend to form small and closely packed loops in mc-Si.
Limited by the spatial resolution of our PL images, we could not apply our method used
in investigating GBs to evaluate the S.rr of dislocations. Here, we assess the
recombination properties of dislocations qualitatively based on PL images of single-side
passivated wafers. Although only qualitative, this gives a picture of the recombination
behaviour of dislocations before and after gettering and hydrogenation. The results are
summarised in Figure 6.6. The recombination behaviour of dislocations in conventional
p-type and n-type samples is qualitatively similar. Most of them are already
recombination active in the as-grown state before any processing. Gettering further

increases their recombination strength. Hydrogenation neutralises part of the changes
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induced by gettering, and in some cases can even reduce the recombination activity to

levels lower than those present in the as-grown state.

Comparing dislocations in conventional p-type and n-type samples, it can be seen that
the advantage of the high immunity to metal impurities in n-type material, as evident in
the high intra-grain lifetimes shown above, does not apply at dislocations, indicating the
possibility that crystal defects such as dislocations might have different origins of their
recombination activities in comparison to intra-grain regions. This is supported by the
study of Buonassisi et al. [136], who observed that nanoprecipitates containing elements
with higher atomic flux such as copper and nickel are mainly found at structural defects,
whereby particles of low-flux species such as titanium often appear within the intra-

grain regions.

Surprisingly, dislocations in high performance mc-Si exhibit a distinct behaviour.
Similar to GBs in high performance mc-Si, as-grown dislocations are not recombination
active and only become active after either gettering or hydrogenation. Note also that, as
illustrated from Figure 6.1, the high performance mc-Si sample contains a much lower
density of dislocation clusters compared to the two conventionally grown mc-Si wafers.
Thus, they do not suffer as much recombination loss from dislocations as the
conventional p-type and n-type mc-Si samples.

6.3.4 Activation of crystal defects in high performance mc-Si

during annealing and phosphorus gettering

One of the features observed in this work is that crystal defects in the studied high
performance mc-Si, including GBs and dislocations, are not recombination active, or
only slightly active before any thermal processes, but become active after either
gettering or hydrogenation. In order to determine the cause of this behaviour, an
annealing experiment is performed. Figure 6.7 shows PL images of a set of high
performance mc-Si wafers that were annealed at various temperatures for 30 minutes in
an N, ambient. Samples in Figure 6.7(b) and (c) were air cooled to room temperature
after the anneal, whereas the sample in Figure 6.7(d) was slowly cooled from 700°C to
400°C with a cooling rate of around 10°C — 15°C per 15 minutes and air cooled to room

temperature afterward. Being limited by the equipment used, slow cooling from 700°C
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to room temperature could not be performed. The variation in the PL intensity among
different grains in Figure 6.7(a) and (d) is due to an orientation dependent surface
passivation effect, which will be discussed in detail in Chapter 7. Note that the samples
in these PL images are unpassivated, and hence the images are only valid for qualitative

comparisons.

(a) As-grown (b) 30 min anneal at 400°C

S
PR = y

(c) 30 min anneal at 550°C (d) 30 min anneal at 700°C with slow
cooling

Figure 6.7 - PL images of unpassivated high performance p-type mc-Si wafers before and after
annealing at various temperatures for 30 minutes. The contrast in each image was adjusted using
50% and 150% of the average PL intensity as the minimum and maximum thresholds. The bright
ring appearing in (c) is the inductive coil equipped in the PL imager for the QSSPC lifetime
measurement (not used here). Note that the images were captured with standard lens which has a
very different pixel size compared to Figure 6.6, in which the images were captured with a high
magnification lens.

From Figure 6.7, it can be seen that the crystal defects are quite stable below 400°C.
The activation of crystal defects occurs between 400°C and 550°C. Even with a slow
cooling rate, the activation of crystal defects cannot be avoided, as shown in Figure
6.7(d). This indicates that rather than the quenching rate, the anneal temperature is more
likely to be the key parameter affecting the recombination properties of crystal defects
in the studied high performance mc-Si ingot.
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(a) As-grown (b) 30 min anneal at 700°C

(c) PDG + overnight anneal at 600°C

Figure 6.8 - PL images of single-side passivated high performance p-type mc-Si wafers before and
after annealing and phosphorus diffusion gettering (PDG). Phosphorus gettering was performed
using recipe described in Section 6.2.1. Both samples in (b) and (c) were air cooled to room
temperature after the processes. The contrast in each image was adjusted using 50% and 150% of

the PL intensity of an intra-grain region in the image as the minimum and maximum threshold.

Here, we also compare the effect of thermal annealing to phosphorus gettering. Figure
6.8 shows PL images of another set of high performance mc-Si samples before and after
thermal annealing and phosphorus gettering. Note that in contrast to those in Figure 6.7,
single-side passivated samples were used to allow a direct comparison of the
recombination activities of crystal defects. As shown in Figure 6.8, crystal defects in the
wafers were activated by either thermal annealing or gettering. Comparing Figure 6.8(b)
and (c), it seems that grain boundaries or dislocations after thermal annealing are more
recombination active than those after gettering. This might suggest that a portion of the
metal impurities around crystal defects could in fact be gettered by the phosphorus
diffused layers, though the benefit of this effect is overshadowed by the redistribution of
metal impurities as a result of the high temperature used in the process, as discussed in

Section 5.3.1, leading to an overall increase in their recombination behaviour.
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6.3.5 Impact on device parameters
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Figure 6.9 - Simulation dependence of V., Isc and 1 (scaled to the maximum achievable values) on
the material bulk lifetime for (a) p-type sample (b) n-type sample. The J, for the front and rear
surfaces are assumed to be 80 fA/cm? each. For the p-type sample, the maximum achievable V.,
I¢c and 1 that is used for scaling are 683 mV, 41.3 mA/cm? and 23.8% respectively. For n-type
sample, the maximum achievable V,., Isc and n are 684 mV , 41.0 mA/cm? and 23.7%
respectively. The slight variation in the maximum achievable efficiency for p-type and n-type
samples is due to the difference in their carrier mobility, when coupled with surface recombination

in the heavily doped regions.

A simulation using QS Cell [85] is performed to model the dependence of V., Isc and 1
on the material bulk lifetime for p-type and n-type samples. As shown in Figure 6.9, the
solar cell efficiency starts to saturate when the bulk lifetime reaches a certain value
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(around 200 — 300 ps). The solar cell efficiency in such cases is more limited by other
factors such as the optical properties or surface recombination. As shown previously,
the average lifetimes of the intra-grain regions for all three mc-Si samples after
gettering and hydrogenation are at least above 200 us, suggesting that the performance
limiting factors in the three materials studied here are indeed recombination at GBs and
dislocations.

Recombination active GBs and dislocations lead to a local reduction of lifetime and
excess carrier concentration at the defects, resulting in a local reduction of both the open
circuit voltage and the short circuit current, as demonstrated in Figure 6.9. The local fill
factor may also be lower as some crystal defects exhibit strong injection dependence,
being more recombination active at lower injection levels, as observed in Section 5.3.4
and also in Ref. [26] and [126]. Apart from the defects themselves, areas adjacent to the
defects are also affected by the defects due to lateral carrier diffusion. The spatial extent
of these effects depends not only on the intrinsic recombination properties of the defects,
but also on other factors such as the surface conditions, the carrier diffusion length and

the device operating conditions, as discussed in Section 5.3.7.

The behaviour of a complete mc-Si device is rather complex. In addition to the factors
discussed above, other factors such as the density of crystal defects and their spatial
distribution can all affect the performance of a large area mc-Si solar cell. Dislocation
networks tend to be concentrated locally within several grains, whereas GBs are more
equally distributed across the wafers. 2D or 3D modelling is required to properly
simulate a mc-Si device [148-150, 162], such modelling, however, is beyond the scope
of this work. The emphasis of this work is to obtain a better understanding of the
electrical behaviour in various types of mc-Si materials before and after gettering and
hydrogenation. The work can be used as a reference to determine the key performance

limiting factors in mc-Si solar cells and develop methods to improve their efficiency.
6.4 Conclusions

A direct comparison of the electrical properties of conventional p-type, n-type and high
performance p-type mc-Si materials is performed in this chapter. It is found that the

intra-grain lifetimes of the n-type samples can reach 1ms or above and are
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considerably higher than the two p-type materials studied here. Nevertheless, among the
intra-grain regions, all samples reveal high diffusion lengths (> 800 pum) after gettering
and hydrogenation, indicating that the main performance limiting factors in mc-Si are
likely to be recombination at crystal defects.

GBs in conventional p-type samples are more recombination active than those in high
performance p-type and conventional n-type samples. Phosphorus gettering increases
the recombination strength of most of the GBs. Hydrogenation is most effective on
gettered n-type samples, being able to neutralise the influence of gettering and in fact
deactivate most of the GBs. Hydrogenation, however, can only offset part of the
increase in S;p induced by gettering in p-type samples. In terms of dislocations, the
recombination behaviour of dislocations in conventional p-type and n-type samples is
qualitatively similar, being already very recombination active in the as-grown state and
becoming even worse after gettering. Their recombination strength reduces after
hydrogenation, but does not disappear completely. Similar to GBs, as-grown
dislocations in high performance mc-Si samples are not recombination active and they
only become active after gettering or hydrogenation. Annealing experiments reveal that
the activation of crystal defects in the studied high performance mc-Si occurs between
400°C and 550°C and such activation is more likely to be related to the high

temperature used in the process rather than the rapid quenching afterward.

Overall, among the three materials studied in this work, it is expected that both the
conventional n-type and the high performance p-type mc-Si samples would outperform
the conventional p-type mc-Si sample. The main advantage of the n-type mc-Si material
is its superior electrical properties in the intra-grain regions and GBs, especially after
both gettering and hydrogenation. The benefit of the high performance p-type mc-Si
material is that it contains significantly fewer dislocation networks. Combining the
advantages of both of these materials in a high performance n-type mc-Si ingot may
prove to be the ideal mc-Si material for high efficiency low cost solar cells, due to its
anticipated properties of high intra-grain lifetimes, relatively inactive GBs, and reduced

frequency of dislocation networks.
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Chapter 7
The Influence of Crystal Orientation
on Surface Recombination In

Multicrystalline Silicon

7.1 Introduction

Apart from recombination through crystal defects within the bulk, recombination at
surfaces acts as another significant loss mechanism in solar cells. Surface passivation is
important in solar cell manufacturing as it reduces surface recombination, and thus
improves the overall cell performance. Surface passivation is commonly achieved by
depositing or growing dielectric films on silicon surfaces. Effective surface
recombination velocities (S.r;) below 10 cm/s on undiffused crystalline silicon wafers
with a range of resistivity have been widely reported with different passivation methods
in the literature [163-166].

Since the surfaces of an actual solar cell are usually textured to reduce its reflectance
and enhance light trapping, surface passivation is typically applied to textured surfaces
rather than planar surfaces. Such textured surfaces contain crystalline facets with
orientations different from the untextured planar orientation. For example, random
pyramid textured surfaces contain (111) orientated facets as a result of the associated
alkaline etching used. It has been reported that the passivation effectiveness for certain
dielectric films, such as silicon dioxide [33, 167], amorphous silicon [34, 35] and
aluminium oxide [168, 169] can indeed be influenced by surface orientation, whereas
some other films such as silicon nitride [33, 170] are unaffected. Baker-Finch and
Mclintosh [33] compared the passivation effectiveness on (100) and (111) wafers and
observed the recombination rate at hydrogenated SiO,-passivated planar (111) surfaces

to be four times higher compared to equivalent (100) surfaces, while a similar level of
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passivation was observed on planar (100) and planar (111) wafers passivated by silicon
nitride, both before and after hydrogenation. Liang et al. [168] compared the
recombination current density (J,) on boron-diffused (111) and (100) wafers passivated
by aluminum oxide films deposited through atomic layer deposition (ALD) and reported

that the recombination current of (111) samples is higher than (100) samples.

The majority of previous studies on dielectric passivation focussed on monocrystalline
silicon and were, therefore, usually limited to (100), (111) and (110) orientated wafers.
The effectiveness of surface passivation in mc-Si material is more complex due to the
random crystal orientation in mc-Si, and the fact that commercial mc-Si solar cells are
usually textured in an acidic, isotopic etchant, resulting in the formation of
hemispherically shaped bowl-like structures on the surfaces [171] which contain a
continuous range of crystal orientations. Surface passivation studies on mc-Si wafers
are rare in the literature. The main challenges are the lack of a suitable technique to
evaluate surface recombination in mc-Si wafers, and the fact that measuring crystal
orientation in mc-Si wafers often requires time consuming techniques. This chapter
addresses these two concerns, applying PL imaging technique to explore surface

recombination in silicon wafers.

The chapter begins with applying PL imaging to thin and chemically polished mc-Si
wafers, in which the formation of a very thin native oxide on the surfaces provides a
crystal orientation dependent passivation effect. An approach for monitoring crystal
orientations in mc-Si wafers based on this correlation is proposed. Measurement of
crystal orientation is usually performed through X-Ray diffraction or Electron
Microscopy techniques such as X-ray Diffraction Topography (XRT) and Electron
Backscatter Diffraction (EBSD) [56], as discussed in Section 2.2.3. Although these
methods allow very accurate measurements or mapping of crystal orientation, they are
time consuming and can usually only be applied to a small area. Several other methods
for determining grain orientations in large area mc-Si wafers have been proposed
recently [172-175]. Wang et al. [174] and Lausch et al. [175] demonstrated the
possibility of measuring grain orientations in mc-Si wafers based on reflectometry and

optical microscopy using anisotropically etched wafers. The approach proposed in this
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chapter provides the basis for a simple and fast method to determine the mixture of

grain orientations in large area mc-Si wafers based on chemically polished wafers.

In the second part, the chapter presents two approaches for evaluating the influence of
crystal orientation on surface passivation using PL imaging. The methods allow a
variety of orientations, not limited to (100), (110) and (111) planes, to be studied. The
first approach is based on imaging carrier lifetimes among different grains in mc-Si
wafers, making use of their random distribution of crystal orientations. The second
approach is based on imaging carrier lifetimes in silicon strips containing different
surface orientations, created from a single monocrystalline silicon wafer via laser
cutting. For demonstration, both approaches are applied to investigate the orientation
dependent passivation effect of thermally grown silicon oxide films. The advantages

and limitations for both approaches are discussed and compared.

7.2 Imaging crystal orientations in mc-Si wafers via
photoluminescence

7.2.1 Experimental Methods

7.2.1.1 Method description

The effective lifetime of any semiconductor may be written as,

1 1 1
=—+— (7.1)
Te ff Tp Ts

Where 1, and 7, represent the bulk lifetime and surface lifetime respectively. Since the
PL intensity is proportional to the effective lifetime, as shown in Section 3.1, the PL

intensity Ip, can be expressed as:

Ip, Ty, forty > 1 (7.2)

Ip, ocTg for T, > 14 (7.3)
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Hence, the PL intensity is proportional to the bulk lifetime in sufficiently well
passivated wafers [176-178]. By contrast, in an unpassivated wafer, provided that the
bulk lifetime is much higher than surface lifetime (satisfying equation 7.3), the PL
intensity reflects the surface recombination velocity of each grain in a mc-Si wafer,
which in turn depends on their crystal orientations. Different crystal orientations can
have different surface recombination velocities due to variations in surface structure,
such as the density of dangling bonds, and their interactions with surface passivating
films, such as deposited films, or even a native oxide [178, 179]. In an as-cut wafer, the
contrast between grains is significantly reduced due to the fact that the deep saw
damage limits the differences in the intrinsic surface properties and the effectiveness of
surface passivation, causing a very high and almost identical surface recombination
velocity on all grains. Polished samples allow for the removal of this deep saw damage,
and avoid optical effects caused by changes in reflectance in different grains, as
opposed to alkaline etched samples that often exhibit varying degrees of texturing on
different orientations, which can impact on the PL emission properties. The relatively
undamaged polished surface then permits the native oxide to provide some level of
passivation, while still ensuring that the effective lifetime is surface limited. This

provides suitable conditions for observing variations in crystal orientations.
7.2.1.2 Sample preparation

The samples used here were p-type boron doped mc-Si wafers which came from 25%
(W25), 50% (W50) and 75% (W75) from the bottom of a commercially grown
directionally solidified mc-Si ingot. While the majority of the data was obtained using
the W50 wafer, wafers W25 and W75 were used to test the validity of this approach
when using wafers with different doping and bulk lifetimes. Each wafer was diced into
smaller pieces, then each piece was polished through chemical etching using HF and
HNOjs in a ratio of 1:8 for more than 6 minutes with agitation until a mirror-like surface
was achieved. All wafers were dipped in HF solution after etching to remove any
residual acid-grown oxide on their surfaces. The thickness of the wafers reduced from
180 um in the as-cut state to around 115 um after the polishing. PL images of each
wafer were captured a few days after the polishing to allow enough time for the

passivation effect of residual HF to vanish.
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7.2.1.3 Characterisation method

The crystal orientation of selected grains was measured and mapped by EBSD, taken
with a Zeiss UltraPlus analytical FESEM, with details described in Section 2.2.3. The
PL intensity of each grain is correlated with the crystal orientation through its
corresponding surface energy. The surface energy can be interpreted as the excess
energy at a surface compared with the bulk caused by the breaking of atomic bonds at
the surface. It is strongly influenced by the density of dangling bonds, which affects the

Serr, and it also reflects the difficulty of saturating dangling bonds, which affects

passivation effectiveness. Here, the surface energy (E,) of each surface orientation was
determined based on first-principles [180, 181],

(Er — NEp)

57 (74)

E, =
Where E, and E; correspond to the bulk energy of the silicon lattice and the total
energy of an N-layer slab constructed according to each orientation. A is the surface
area of the slab. Both bulk and slab energy were modelled using GULP [182] in
Materials Studio modelling software.

Table 7.1 — Surface energy comparison between modelling results and literature values

Orientation Surface Energy (J/m?)
Modelled Jaccodine [183] Luetal. [180] Stekolnikov et al.
[184, 185]
(100) 2.26 2.13 2.37 2.39
(111) 1.19 1.23 1.99 1.74
(113) 1.95 1.82 1.85
(110) 151 151 1.75 1.7

Table 7.1 compares the modelling result of several selected orientations with results
from the literature. The modelling result agrees well with Jaccodine [183], but there is
some discrepancy in the surface energy of the (111) orientation between our result and
results from Lu et al. [180] and Stekolnikov et al. [184, 185]. Despite this, the modelled
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surface energies are sufficient to be used as a quantitative measure to represent crystal
orientation, and hence to demonstrate a definite correlation exists between the PL
intensity on mirror polished samples and the surface orientation.

7.2.2 Results
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Figure 7.1 - PL images of (a) as-cut (b) mirror polished wafer. The scale range is centred around
the mean in the images, while the maxima and minima are adjusted to retain a constant contrast
ratio.

Figure 7.1 shows PL images of an as-cut wafer and a mirror polished sister wafer. The
scale range is centred around the mean in both images, while the maxima and minima
are adjusted to retain a constant contrast ratio. This allows a direct comparison of the
differences in contrast of the PL signal among different grains. Note that the average PL
intensity is reduced in Figure 7.1(b) due to the reduction in thickness. No obvious
difference of the PL signal among different grains can be observed in the as-cut wafer,
as shown in Figure 7.1(a), while a significant contrast among different grains is
observed in the mirror polished wafer, as shown in Figure 7.1(b). The result indicates
the fact that different crystal orientations have different surface recombination velocities,
which are reflected in the PL intensity. Variations of the reflectivity of different grains
at 808 nm (the laser excitation wavelength) in the mirror polished wafers were
measured to be less than 2% using a spectrophotometer, confirming that the optical
properties from grain to grain have no detectible impact on the PL emission.
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Figure 7.2 - (a) PL image overlayed with surface orientation. (b) Colour coded Inverse Pole Figure

(IPF): represents each surface orientation with a specific colour.

Figure 7.2 shows the surface orientation maps, acquired by EBSD, overlayed on the PL
image from Figure 7.1(b). Selected grains in Figure 7.2(a) are highlighted with different
colours according to their surface orientations, in accordance with the Inverse Pole
Figure (IPF) shown in Figure 7.2(b). It can be observed that grains with an orientation

close to (100) have a higher PL intensity while crystals close to (111) have a lower PL

signal.
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Figure 7.3 - Interpolated result of (a) surface energy (J/m?) (b) PL count of each orientation

plotted in an Inverse Pole Figure (IPF) based on measured grains, represented by dark dots.
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Based on the crystal orientation of the detected grains and their corresponding locations
in an Inverse Pole Figure, we interpolated the surface energy and the PL intensity of
various crystal orientations in an IPF using the modelled surface energies and measured
PL counts. The result is shown in Figure 7.3. Figure 7.3(a) generally agrees with Figure

7.3(b), indicating that orientations with a high surface energy show a higher PL signal.
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Figure 7.4 - PL intensity of each detected grain as a function of surface energy.

Figure 7.4 compares the measured PL intensity of each grain and its corresponding
surface energy. W50-A, W50-B and W50-C corresponds to 3 wafers diced from W50.
W75 and W25 are wafers from 75% and 25% from the bottom of the ingot. Due to the
slight differences in thickness, doping, roughness and optical properties in the studied
samples, the PL intensity of each grain is normalised using the measured PL intensity of
a certain grain in the samples together with the PL intensity of a similarly orientated
grain in W50-A.

A strong correlation exists between the PL intensity and the surface energy for all the
wafers including wafers from different parts of an ingot. This reveals the possibility to
estimate crystal orientations using PL images based on this correlation. While it is
difficult to derive an absolute correlation between PL and surface orientation due to the
influence of wafer thickness and surface conditions on the measured PL, this method

may be useful in estimating mixes of crystal orientations in the border regions of cast
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monocrystalline like silicon wafers [186], for example, in which the orientation of the
large central grain is known, and the corresponding PL intensity can be used for
normalisation. Alternatively, in a mc-Si wafer with a large enough number of random

grains, the brightest grains can be assumed to be close to (100) orientation.
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7.3 Characterising the influence of crystal orientation

on surface passivation in silicon wafers

The work presented in the previous section highlights the possibilities of using PL
imaging technique to evaluate surface recombination in silicon wafers. In this section,
the technique is extended to characterise the influence of crystal orientation on dielectric
passivation. Two approaches are presented. For demonstration, the approaches are
applied to investigate the orientation dependent passivation effect of thermally grown
silicon oxide films, although in principle the methods can also be applied to other

passivating films.
7.3.1 Method I: Imaging carrier lifetimes in mc-Si wafers

7.3.1.1 Method description and sample preparation

The first approach is based on imaging carrier lifetimes among different grains in mc-Si
wafers, making use of their random distribution of crystal orientations. Wafers used in
this section were n-type phosphorus doped mc-Si wafers with a background doping of
around 1.2 x 10 cm™3. N-type mc-Si wafers were chosen due to their high bulk
lifetime compared to p-type mc-Si wafers, which increases the sensitivity of the method.
After initial chemical etching to remove saw damage, the wafers were phosphorus
gettered and hydrogenated to further improve their bulk lifetime. Phosphorus gettering
was performed by subjecting the wafers to a 30 minute POCI; diffusion at 880°C,
followed by an extended annealing in an N, ambient for more than 12 hours at 600°C in
the same diffusion furnace. Hydrogenation was achieved by coating the samples with
PECVD silicon nitride films and firing them in a rapid thermal processing (RTP)
furnace (Unitemp UTP-1100) for 3 min at 700°C in N, ambient. After gettering and
hydrogenation, the surface films and diffused layers were removed via HF dip and

chemical etching.

Before oxidation, the samples were mirror polished using HF and HNOjs in a ratio of 1:8,
to avoid any variation in surface topology from grain to grain which may have an
impact on the passivation, as well as the reflectance and PL emission properties. The
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thickness of the mc-Si wafers was reduced from 180 um in the as-cut state to around
130 um after etching. The wafers were then subjected to a thermal oxidation at 860°C
for 70 minutes, followed by a 3 hour nitrogen anneal at the same temperature and a
forming gas anneal at 400°C for 30 minutes afterward, to grow silicon oxide films on
their front and rear surfaces. Instead of a more typical oxidation process, this lower
oxidation temperature was used to avoid bulk degradation in the mc-Si wafers. The
nitrogen and forming gas anneals afterward were used to improve the passivation

quality of the silicon oxide films.

The thickness of the silicon oxide films was measured to be around 22 nm on a (110)
orientated control sample, using an ellipsometer. Note that the oxidation rate varies on

surfaces with different orientations and was found to decrease in order of R(;14) >
R(110) > R(100y [187]. A variation in the oxide thickness from around 15 nm for the

(100) surfaces to around 25 nm for the (111) surfaces is expected. This range of
variation in the oxide thickness is unlikely to impact the passivation quality, confirmed
by the fact that the highest lifetime was in fact observed from (100) surfaces, with the
thinnest oxide, as shown below. The study by Baker-Finch and Mcintosh [33] also
demonstrated that the passivation quality of silicon oxide is independent of oxide
thickness after forming gas anneal. We chose to grow silicon oxide films of this
thickness range to ensure the oxide is thick enough even on a (100) surface to achieve
passivation, but still thin enough that there is negligible variation in the reflectance
among different grains, which could impact the extracted lifetime values from PL

images.

The method presented here relies on imaging carrier lifetimes in various grains within a
mc-Si wafer. As discussed previously in Section 2.2.2.3, carrier smearing within the
sample obscures the measurement of the intra-grain lifetime, and hence can significantly
reduce the accuracy of the method. Therefore, a carrier de-smearing technique (Section
2.2.2.3) was applied to all the acquired PL images to correct for the influence of lateral
carrier smearing within the sample and thus to allow more accurate extraction of the
intra-grain lifetime. The carrier de-smearing technique is crucial for the presented

method.
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7.3.1.2 Extraction of the surface recombination velocity (S¢ss)

For samples with uniform carrier density profile depth-wise, the surface recombination
velocity (S.sr) can be related to the bulk lifetime (7,) and the effective lifetime (z.s5)

according to [55]:

Teff (An) Tp (An) w

(75)

Where W is the sample thickness.

The effective lifetime is the directly measurable parameter in equation 7.5. The
extraction of S,.¢r from the effective lifetime measurement requires information about
the bulk lifetime, which is generally difficult to determine in mc-Si wafers. Thus, a (100)
float-zone (FZ) wafer of similar resistivity, which received the same passivation as the
mc-Si sample, is used as a control wafer to determine the bulk lifetime of the mc-Si
wafers. The S, of the FZ control wafer is calculated, as a function of excess carrier
density, through subtracting the bulk lifetime, assumed to be Auger limited [44], from
the measured injection dependent effective time, according to equation 7.5. The Auger
limit assumption in effect yields an upper bound for the S,¢¢. A (100) grain in the mc-Si
sample is then assumed to have the same S, as the control wafer, and together with
the effective lifetime measurement of that particular (100) grain in the mc-Si sample,
the injection dependent bulk lifetime of that (100) grain can then be determined. By
assuming the bulk lifetime is uniform among various grains in a mc-Si wafer, the S, ¢
of each grain can be calculated from equation 7.5, which may then be correlated with

the grain orientations.

Note that the bulk lifetime among different grains in a mc-Si wafer may indeed be
different. This could contribute to uncertainty in the extracted S.rr values. This
uncertainty is expected to be small as long as the rate of surface recombination is much
higher than bulk recombination. In this work, such a surface limited condition is
achieved by using gettered and hydrogenated n-type mc-Si wafers with high intra-grain

bulk lifetime (above 700 us measured after passivating with silicon nitride), combined
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with the fact that the studied silicon oxide films only provide moderate passivation.
However, this could be a potential problem when applying the method to study
dielectric films that provide very good passivation effect (S.rr < 10 cm/s), such as
aluminium oxide, silicon nitride or other silicon oxides, in which the varying impact of

the bulk lifetime is comparable to that of S, among various grains.

The sensitivity limit of the method depends on the bulk lifetime and the thickness of the
mc-Si wafers used. When applied on 130 um thick wafers with bulk lifetime varying
from 500 pus to 1 ms between grains, an error of up to 16% is estimated in the extracted
Sess for a dielectric film with S, (- of 40 cm/s. Using thinner mc-Si wafers with higher
bulk lifetime can further enhance the sensitivity of the method. For example, using
120 um thick wafers with bulk lifetime varying from 1 ms to 2 ms between grains can

limit the error in the extracted S, to 15% or below for films with S, ¢ of 20 cm/s or

higher.
7.3.1.3 Results
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Figure 7.5 - PL calibrated lifetime images after applying the carrier de-smearing technique. The

image was taken with an incident photon flux of 2.7 x 10'® cm=2s~1.

Figure 7.5 shows a PL calibrated lifetime image of a silicon oxide passivated mc-Si

wafer studied in this work after applying the carrier de-smearing technique. A strong
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contrast can be observed among different grains. The contrast is similar to one observed
on mirror polished and unpassivated mc-Si wafers shown in Section 7.2, which is
attributed to the orientation dependent passivation effect of a very thin native oxide

formed on their surfaces.
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Figure 7.6 - The effective lifetimes and surface recombination velocities of individual grains in the

studied mc-Si wafers classified according to their corresponding surface energies.

Figure 7.6 compares the surface energies of selected gains (modelled according to
equation 7.4 based on their crystal orientations measured with EBSD) and their
corresponding lifetimes and S.rr (measured at an excess carrier density of 1 X
1015 cm™3). As discussed in Section 7.2.1.3, the surface energy gives an indication of
the surface structure such as the density of dangling bonds. It can be seen that there is a
strong correlation between the surface energy of each grain and its corresponding S, sf
value, suggesting that the contrasts observed in Figure 7.5(b) are indeed due to the
orientation dependence of the passivation. Orientations with a higher surface energy
show a lower S, value, and vice versa. Note that there is some scatter in the data,
possibly due to factors such as thickness variation across the mc-Si wafer as a result of
the extended acidic etching used, uncertainty in the modelling of the surface energies or

some impact of bulk lifetime variations from grain to grain.
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Figure 7.7 - Interpolated result of the surface recombination velocity of each orientation plotted in

an Inverse Pole Figure (IPF) based on measured grains, represented by dark dots.

Owing to the simplicity of this method, a large number of grains/orientations can be
studied with this approach. A total of 66 grains were analysed in this work. Based on
these 66 grains, we interpolated the surface recombination velocities of various crystal
orientations in an Inverse Pole Figure (IPF) for the studied silicon oxide films. The
results are shown in Figure 7.7. It can be observed that the passivation quality of the
studied silicon oxide is best for surfaces close to (100) orientation and its effectiveness
reduces gradually as the orientation moves towards the (111) plane. This is in
agreement with previous studies [33] which observed that the passivation effectiveness
of silicon oxide on a (100) surface is considerably higher than those on a (111) surface.
The observed behavior could be related to the defect density at the interface. Arnold et
al. [188] observed a dependence of surface state density on crystal orientation on
thermally oxidized single-crystal silicon. Note that no grain at or close to (110)
orientation was detected among the analysed grains.
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7.3.2 Method I1: Imaging carrier lifetimes in silicon strips

7.3.2.1 Method description and sample preparation

Figure 7.8 - Silicon strips created from a (110) oriented monocrystalline silicon wafer through laser

cutting. Note that the diagram is not to scale for visual illustration purposes.

The second approach characterises the influence of crystal orientation on surface
passivation through imaging carrier lifetimes in silicon strips containing different
surface orientations, created from a single monocrystalline silicon wafer via laser
cutting. The principle of the approach is demonstrated in Figure 7.8. The starting
material is a (110) p-type boron doped Czochralski (Cz) grown monocrystalline silicon
with a thickness of 1 mm. The background doping of the sample is around 3.6 X
101® cm™3. We cut the monocrystalline silicon wafer to produce multiple narrow strips
in the wafer frame, as shown in Figure 7.8, using a Coherent Scientific PRISMA 532-V
Diode-Pumped Solid-State Laser, operating at 532 nm with nominal pulsed power in
the range of 12 W at 30 kHz. The width of the strips was approximately 400 pm. The
cutting pattern was designed so that there is a slight rotation angle between each strip.
This allows each silicon strip to have a different surface orientation of its sidewalls,
denoted by different colours in Figure 7.8. The orientation of the sidewall is determined
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by the laser cutting angle relative to the wafer flat, as well as the surface orientation of
the wafer used, (110) in this case. Any orientation, in principle, can be achieved via
perpendicular cuts through a set of (100), (111) and (110) wafers.

After cutting, the entire wafer, with the strips still attached, was chemically etched for
more than 5 minutes using HF and HNO3 in a ratio of 1:10 to remove the surface
damage from laser cutting. The width of the strips was reduced from 400 wm to around
307 um after etching. The wafer was then subjected to a thermal oxidation, using the
same recipe described above in Section 7.3.1.1 to grow silicon oxide films on its front,
rear and side surfaces. After oxidation, the strips were detached from the wafer frame,
flipped by 90° and imaged with the PL system. A 1 mm thick wafer was chosen for this
work to maximise the width of the silicon strips after flipping, and preventing the strips
from becoming too narrow to be imaged, considering the spatial resolution of the PL
imaging setup used. The surface morphology of the strips was evaluated with an optical
microscope, verifying that planar surfaces were achieved on all the strips with no

observable difference among the different strips.
7.3.2.2 Lifetime measurements

The size of the silicon strips presents challenges in lifetime measurements. The silicon
strips are too small, less than 900 pum wide after etching, to be measured with a typical
Quasi-Steady State Photoconductance (QSSPC) lifetime tester [189]. The effective
lifetime of each strip was extracted from calibrated PL images, with a lateral spatial
resolution of 22 um per pixel. The injection dependence of the lifetimes was determined
from PL images captured at different laser intensities. Since the strips are significantly
smaller than the standard QSSPC sensor coil, it is not possible to perform QSSPC
lifetime measurement on the silicon strips in order to acquire a calibration constant for
the PL images. In this work, PL images were calibrated into absolute lifetime images
based on an optically corrected calibration constant extracted from separate

monocrystalline calibration wafers, using the method presented in Chapter 3.

Note that we are not able to apply the carrier de-smearing technique (Section 2.2.2.3) to
the silicon strips as the strips are too narrow, which significantly affects the accuracy of

the noise filtering method used in the de-smearing technique. In principle, the carrier
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smearing effect could lead to an underestimation of the extracted lifetime values from
the silicon strips. However, such uncertainty is small given that the sidewalls of the
silicon strips are also passivated with silicon oxide, unlike the grain boundaries in a mc-
Si wafer, coupled with the fact that the Cz wafer used in this section has a lower bulk
lifetime than the mc-Si wafers used in Section 7.3.1, resulting in a reduced impact of the

carrier smearing effect.
7.3.2.3 Extraction of the surface recombination velocity (S¢ss)

A similar approach was used to extract the surface recombination velocities in the
silicon strips from the measured lifetime. A silicon strip with a (100) orientated surface
was used together with a Float Zone (FZ) control sample to estimate its bulk lifetime.
Sesy Of each grain can then be calculated using equation 7.5. Note that in contrast to
Method | described above (Section 7.3.1), it is quite safe to assume all silicon strips
have the same bulk lifetime as they were cut from the same monocrystalline silicon

wafer. This significantly reduces the uncertainty in the results.

7.3.2.4 Results

Figure 7.9 - PL image of silicon strips before being detached from the monocrystalline silicon wafer

frame.
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Figure 7.9 shows a PL image of a monocrystalline silicon wafer that has been laser cut
and thermally oxidised. Figure 7.10(a) shows a PL calibrated lifetime image of the
silicon strips after being detached from the monocrystalline silicon wafer frame and
flipped by 90°. Figure 7.10(b) shows a line scan of the lifetimes across these silicon
strips. A significant lifetime variation among different silicon strips can be observed.
Note that the lifetime values in Figure 7.10(b) were extracted at a constant generation

rate; their injection levels can be different owing to their lifetime variation.
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Figure 7.10 - (a) PL calibrated lifetime image of silicon strips after being detached from the wafer
frame and flipped by 90°. The images were taken with incident photon flux of 2.7 x

108 cm~2s71. (b) Line scan of the lifetimes across various silicon strips.
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Table 7.2 shows the highest measured lifetime of each strip extracted at an excess
carrier density of 1 x 105 cm™2 and its corresponding Sers value. The lifetimes were
measured from the center region in the strips far away from the edge so that the
influence of surface recombination in the sidewall (a (110) surface in this case) is
minimal. The highest such values were chosen to avoid those darker regions of the
strips which show some bulk lifetime degradation. Note also that there is a slight
variation («< 5%) in the thickness among different strips. The average thickness of

307 wm was used in the calculation of the S, values.

Also shown is the crystal orientation, measured with EBSD, of each silicon strip and its
corresponding surface energy, modelled according to equation 7.4. From Table 7.2, it
can be seen that the passivation quality of the studied silicon oxide films is strongly
influenced by the crystal orientation. Among the eight studied orientations, the S, ¢

value of the (100) orientated strip is the lowest. The S, values vary from 71 cm/s for

the (100) surface to 328 cm/s for the (235) surface.

Table 7.2 — Crystal orientation, surface energy, effective lifetime and surface recombination
velocity of each silicon strip. The surface energies were modelled using equation 7.4. A bulk lifetime
of 44 us (determined using a control sample with the method stated above) was used in the

calculation of the S, values.

Strips Orientation Surface Energy Tefy at Serf
J/m?) 1 x 105 em™3 (us) (cm/s)

S1 (235) 1.74 23 328
S2 (214) 1.90 29 187
S3 (103) 211 33 120
S4 (106) 2.18 34 106
S5 (100) 2.26 37 71
S6 (013) 2.11 34 106
S7 (215) 2.00 33 121
S8 (112) 1.78 27 214

It should be noted that during the calculation of the S, values with equation 7.5, it is

assumed that the carrier density profile is uniform depth-wise. This is not strictly true
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for the Cz samples used in this work, owing to the relatively low bulk lifetime of the
wafer. However, this only leads to an uncertainty of less than 5% in the extracted S, ;s
values (determined with numerical simulations based on the model presented in Section
4.2, using a bulk lifetime of 44 us and the measured effective lifetimes). Such
uncertainty can be further reduced by using wafers with higher lifetime. The boron-
oxygen-related defect is likely to be the cause for the low lifetime in the studied Cz
wafer, given that the measured lifetimes correlate well with literature reported lifetimes
after defect activation [18], which is likely to have occurred to the studied Cz samples

during the repeated PL measurements.
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Figure 7.11 - The effective lifetime and surface recombination velocity of each studied silicon strip

classified according to its corresponding surface energy.

Figure 7.11 correlates the effective lifetimes and surface recombination velocities

(Sesy) of the silicon strips with their corresponding surface energies. A clear trend can
be observed between 7.¢, Scrr and surface energy. The results here show that the

studied silicon oxide films are more effective in passivating surfaces with high surface
energy such as (100) or (106) surfaces, and less effective in passivating surfaces with
low surface energy such as a (235) surface. This is in agreement with the results

obtained from Method | (Section 7.3.1) described above.

7.3.3 Discussion

Both of the presented methods show that the passivation effectiveness of the studied

silicon oxide films is strongly crystal orientation dependent. In general, the surface
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recombination rate depends on the doping level/type of the substrate, the charge in the
dielectric film, and their interaction. Owing to the variation in the background doping
level and type of the samples used, the S, values extracted from both methods could
not be compared directly. The lower S, values on the mc-Si samples could be related
the positive charge in the oxide layer [190], which allows a better passivation on n-type
samples owing to field-effect passivation, or due to the different doping concentrations
or types in the substrates [191], interacting with the electron and hole capture cross

sections at the interface.

In order to compare results obtained from both methods, the extracted S, value of
each orientation was normalised with the S, value of a (100) orientated grain/strip in
the corresponding sample. Figure 7.12 shows the normalised S, value of each

orientation obtained from the two presented methods as a function of its corresponding
surface energy. It can be seen that the results from both methods are consistent with

each other, indicating the validity of both methods.
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Figure 7.12 -Normalised S, value of each orientation obtained from the two presented methods as
a function of its corresponding surface energy. The S, value of each grain/strip is normalised with

the S.¢r value of a (100) orientated grain/strip in the corresponding sample.

Comparing both approaches, the advantage of the method using the silicon strips is that
there is negligible variation in the bulk lifetimes among different strips as they were cut

from the same monocrystalline wafer. However, it requires a more complex sample
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preparation procedure. The sample size is also limited. On the other hand, the advantage
of using mc-Si wafers to study the orientation dependent passivation effect is that the
process is simple and easy to implement, thus allowing a large number of orientations to
be studied. However, as mentioned above, it relies on the assumption that any varying
impact of the bulk lifetime is significantly less than the variation of surface
recombination among the mc-Si grains. While this assumption is largely valid for the
silicon oxide passivated samples studied in this work, it may not be when applying the
method to other dielectric films with lower surface recombination velocities. In such

cases, the method of using the silicon strips is likely to be more accurate.

Note that the aim of this work is not to determine whether the passivation effect of a
particular dielectric film is affected by crystal orientation, as such influences might vary
depending on the deposition conditions, the composition of the films, and the doping of
the substrates (diffused or non-diffused). Rather, the aim of the work is to demonstrate
the applicability of the two presented methods for evaluating the influence of crystal

orientation on surface passivation.
7.4 Conclusions

This chapter applies the PL imaging technique to explore surface recombination in
silicon wafers. The chapter is divided into two sections. In the first section, PL imaging
is applied to thin, chemically polished and unpassivated mc-Si wafers. It is found that
the PL intensity from such wafers is dominated by surface recombination, which in
turns is crystal orientation dependent. An approach for monitoring crystal orientations
in mc-Si wafers based on this correlation is proposed. In the second part, the technique
is extended to passivated wafers to characterise the influence of crystal orientation on
dielectric passivation. Two methods are presented. The first method is based on imaging
carrier lifetimes among different grains in mc-Si wafers. The second method is based on
imaging carrier lifetimes in silicon strips cut from a single monocrystalline silicon wafer.
Both methods were applied on thermally grown silicon oxide passivated samples. The
results from both methods agree with each other, showing that the studied silicon oxide
films provide a better passivation on surfaces with higher surface energy, such as (100)

surface, compared to those with lower surface energy, such as (111) surface.
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Chapter 8

Conclusions and Future Work

The recombination behaviour of mc-Si materials are rather complex owing to the
presence of numerous types of crystal defects in the materials. This thesis has applied
the PL imaging technique to study carrier recombination in mc-Si. One emphasis of the
work has been recombination at GBs, which is one of the limiting factors for the
performance of mc-Si solar cells. An approach for quantifying the recombination
activities of a GB in terms of its effective surface recombination velocity, based on the
PL intensity profile across the GB, was developed. Based on their effective surface
recombination velocities, the recombination behaviours of GBs from different parts of a
p-type boron doped directionally solidified mc-Si ingot were examined in detail. The
work was then extended to various types of mc-Si materials. The electrical properties of
conventionally solidified p-type, n-type and also recently developed high performance
p-type mc-Si wafers were directly compared in terms of their electronic behaviours in
the intra-grain regions, the GBs and the dislocation networks. Apart from recombination
through crystal defects within the bulk, recombination at surfaces acts as another
significant loss mechanism in solar cells. This thesis also demonstrated the use of the
PL imaging technique to study surface recombination in silicon wafers, and provided

some examples of such applications.

The main findings of the work and the suggested further work are summarised below.

Calibrating photoluminescence-based lifetime images

on mc-Si wafers

A method for converting PL images into carrier lifetime images for wafers with
inhomogeneous lifetime distributions, such as mc-Si wafers, was presented. The method
is based on an optically-corrected calibration factor extracted from PL and QSSPC
measurements on a separate calibration wafer with homogeneous lifetime. Experimental

results show that the lifetimes calibrated by the proposed method are more consistent

147



Chapter 8: Conclusions and Future Work

compared to the conventional QSSPC based calibration methods, in which the accuracy
of the calibration was found to be affected by measurement artefacts in the QSSPC
measurements on mc-Si wafers, possibly due to minority carrier trapping and the radial

sensitivity of the QSSPC sensor coil.
Recombination at grain boundaries in p-type mc-Si

GBs from different parts of a mc-Si ingot exhibit different recombination behaviours.
Overall, as-grown GBs from the middle of the studied mc-Si ingot tend to be less
recombination active compared to GBs from the top and bottom of the same ingot.
However, their recombination strength increases significantly after either gettering or
hydrogenation, and they become even more active than GBs from the top and bottom of
the ingot, which inherently contain a higher level of metal impurity concentrations.
Moreover, two types of GBs were identified based on their distinct injection dependent
recombination behaviours. While some GBs exhibit little injection dependence before
gettering, others show a rather strong injection dependence, with S increasing as the

injection level decreases.

All the results above suggest that the impurity levels in the materials significantly
impact the electrical properties of as-grown GBs, and also their response to phosphorus
gettering and hydrogenation. It still remains unclear about the types of impurities that
are responsible for the observed behaviours. A possible extension of the work is to
measure the impurity concentrations in the studied materials, through techniques such
as Neutron Activation Analysis (NAA) [130, 192] or Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) [20, 193], and correlate them with the observed behaviours.
Microscopy study could also provide further insight about the origin of GB
recombination. This could involve examining the microscopic structure of GBs of
different geometries through Transmission Electron Microscopy (TEM) [63, 194, 195]
or applying techniques such as synchrotron-based microprobe [22, 137, 196, 197] or
atom probe tomography [27] to identify the types and forms of impurities decorated
around the GBs.

Another important contribution of this work is to allow the recombination properties of

a GB to be quantified in an absolute measure in terms of its surface recombination
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velocity. Based on the extracted surface recombination velocities, it is possible to
perform 2D or 3D simulations [198] to accurately determine the detrimental impact of
GBs on the performance of solar cells of different device structures under various
operating operations. This would allow a more accurate assessment of the material

quality of mc-Si.

Direct comparison of the electrical properties of

various mc-Si materials for solar cells

All studied mc-Si materials show reasonably high diffusion lengths (> 800 um) among
the intra-grain regions after gettering and hydrogenation, suggesting that the main
performance limiting factors in mc-Si solar cells are likely to be recombination at
crystal defects. Among the three mc-Si materials studied in this work, it is expected that
both the conventional n-type and the high performance p-type mc-Si samples would
outperform the conventional p-type mc-Si samples. N-type mc-Si material shows
superior electrical properties in the intra-grain regions (highest lifetimes) and GBs
(relatively inactive), especially after both gettering and hydrogenation. High
performance p-type mc-Si material contains significantly fewer dislocation networks.
The results suggest that high performance n-type mc-Si material could be an ideal
material for high efficiency low cost solar cells, owing to its anticipated properties of

high intra-grain lifetimes, relatively inactive GBs, and fewer dislocations networks.

It is noted that the analysis presented in this work is solely based on three studied mc-Si
ingots. The electrical properties of mc-Si materials can vary to a large extent, depending
on factors such as the ingot growth conditions or the impurity concentrations in the
materials. An important area of future work is to examine more mc-Si materials,
including high performance n-type mc-Si, possibly from different ingot manufacturers,

in order to verify the findings and obtain a more representative conclusion.

On the other hand, it was observed that the electrical properties of mc-Si materials
change significantly after phosphorus gettering and hydrogenation. While gettering
significantly improves the lifetimes of the intra-grain regions, it also increases the

recombination strength of most of the crystal defects. The benefits of hydrogenation are
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clear, both on the intra-grain regions and the crystal defects. However, its effectiveness
varies considerably among different mc-Si materials, being more effective on the n-type
samples than the p-type samples.

Due to time constraints, only one recipe of gettering and hydrogenation was studied in
this work. The process conditions, such as the temperature used for the gettering or
hydrogenation, can affect the results. For example, experimental work by Fenning et al.
[199] suggested that a higher temperature phosphorus diffusion gettering can, in some
cases, reduce the dislocation density in mc-Si. Hallam et al. [200] claimed that the
effectiveness of hydrogen passivation can be improved through applying illumination
during the process. One possible extension of this thesis is to examine a wide range of
process conditions for phosphorus gettering and hydrogenation using various types of
mc-Si materials, to develop an optimised gettering and hydrogenation process that is
suitable for mc-Si for solar cell applications.

The Influence of Crystal Orientation on Surface

Recombination in mc¢-Si

A strong PL contrast was observed among different grains in thin, chemically polished
and unpassivated mc-Si wafers. It was found that the PL intensity from such wafers is
dominated by surface recombination, which in turns is crystal orientation dependent.
The result highlights the possibility of using PL images to monitor crystal orientations
in mc-Si wafers, and to study surface recombination in silicon wafers. Two methods for
evaluating the influence of crystal orientation on dielectric passivation were presented,
and demonstrated with silicon oxide passivated samples. The methods allow the impact
of various crystal orientations, not limited only to (100), (110) and (111) planes, to be
studied. Both methods revealed that the studied silicon oxide films provide a better
passivation on surfaces with higher surface energy, such as (100) or (106) surfaces,
compared to those with lower surface energy, such as (235) or (111) surfaces. The
methods demonstrated in this work can potentially be applied to other dielectric films
such as silicon nitride or aluminum oxide to investigate the orientation dependence of
the passivation. The results of such studies may allow an improved understanding of the

impact of various planes to recombination at textured surfaces.
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