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Abstract

Light-induced and light and elevated temperature-induced degradation are major concerns dur-
ing the initial operation of silicon solar cells in the field. This thesis contributes to the develop-
ment of a better understanding of these degradation mechanisms. The chemical species involved
in the light-induced degradation of plasma-enhanced chemical vapor deposited (PECVD) hy-
drogenated silicon nitride (SiNx : H) passivated p-type and n-type wafers under normal outdoor
ambient conditions were investigated. The electrical characterization measurements, along with
Fourier transform infrared (FTIR) and photoluminescence (PL) spectroscopic techniques, were
utilized in this study. Significant reductions in effective minority carrier lifetime values and
band-to-band PL intensities were noticed for both p-type and n-type samples after outdoor light
soaking. The apparent defect density increased from 3.39 x 103 us7! t0 1.68 x 1072 pus~!
and 3.42 x 10 ps~! t0 3.46 x 1073 us71, respectively, for p-type and n-type samples after
light soaking of 111 hours corresponding to cumulative solar insolation of 95.7 kWh/m2. The
changes in FTIR absorbance intensities of chemical species such as SiNxHy, SiHp, SiOp; and
Si0O,, after light soaking confirmed the role of oxygen in addition to hydrogen in both p-type
and n-type samples. Spectroscopic PL analysis further validated the decrease in concentration

of silicon-oxygen species and reduction in effective lifetime for n-type samples.

The recombination characteristics of the surface and bulk of diffused industrial grade monocrys-
talline (c-Si) and multi-crystalline (mc-Si) silicon wafers passivated with PECVD SiNx : H
layer are investigated in detail by subjecting the samples to illuminated annealing at 75°C, closer
to outdoor operating condition. Open circuit PL intensity variations suggest an extended growth
of defective regions with increased light soaking duration in both c-Si and mc-Si samples. Re-
generation in PL intensity and effective minority carrier lifetime is relatively lower in mc-Si

samples than in c-Si samples due to the high density of crystallographic defects and metallic
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impurities. Further, the analysis of surface and bulk recombination characteristics reveals that
emitter surface and bulk response are different during illuminated annealing. The bulk compo-
nent dominates overall recombination characteristics and shows an initial degradation within 24
h followed by regeneration as light soaking duration increases. In contrast, the emitter surface
shows an improved response for both c-Si and mc-Si as compared to the initial condition due to
hydrogen diffusion. Light soaking beyond 24 h resulted in higher surface recombination in c-Si
samples, indicating the possible formation of light and elevated temperature-induced degrada-
tion (LeTID) defects. However, no such degradation in the emitter surface is observed in mc-Si
beyond 24 h, even after light soaking for 125 h. This suggests the absence of LeTID-related de-
fect formation at the emitter surface. Our study shows that an emitter not only helps regenerate

bulk but also determines the behavior of the surface when exposed to light and heat.

An in-depth examination of the changes in performance parameters of industrial monocrys-
talline and multicrystalline silicon solar cells is explored under exposure to light and heat.
Higher degradation and better regeneration in performance parameters, namely open circuit
voltage (V(), short circuit current density (Jg¢), and fill factor (FF), are observed for monocrys-
talline solar cells. Suns-Vgc measurement indicates that the recombination current densities
within the space charge region (Jop) and the rest of the solar cells (Jo;) together play an im-
portant role in LeTID and subsequent regeneration characteristics. Both Jg; and Jy, changed
significantly for monocrystalline and multicrystalline solar cells during the degradation phase.
Even though J3; was improved for both types of solar cells during regeneration, a notable re-
duction in Jg, was observed only for monocrystalline solar cells. FF loss analysis shows that
the recombination in the space charge region is majorly responsible for degradation and re-
generation in FF. In contrast to most of the previous studies, we report similar reductions in
external quantum efficiency (EQE) at 984 nm, 877 nm, and 658 nm and propose that the for-
mation of defects related to LeTID are not only in the deep bulk but are distributed throughout
the bulk. The absence of any improvement in EQE after prolonged exposure to light and heat
suggests that defect transformation and gettering are not sufficient enough to regenerate Jgc in
multicrystalline solar cells. EQE maps at 407 nm suggest that the LeTID behavior of the emitter

is different from that of bulk.

Since most high-efficiency solar cells utilize hydrogen-rich dielectric layers and are prone
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to defects triggered by light and elevated temperatures, the analysis presented in the thesis
offers valuable insights into the chemical species affecting performance degradation, recom-
bination characteristics, and factors influencing the performance parameters.This examination
assists in comprehending the fundamental degradation mechanisms and developing models for
the degradation processes in high-efficiency solar cells functioning under typical ambient con-
ditions. Consequently, it actively contributes to the continuous improvement of the efficiency

of these solar cells.
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Chapter 1

Introduction

Silicon wafer based solar cells persist as the prevailing photovoltaic technology, playing a cru-
cial role in electricity generation across numerous regions. Expanding the adoption of this tech-
nology necessitates implementing processing methods that effectively mitigate losses in device
performance. A variety of solar cell structures have been developed using different semiconduc-
tor materials, including passivated emitter rear contact (PERC) solar cells, heterojunction with
intrinsic thin layer (HIT) solar cells, interdigitated back-contact (IBC) solar cells, heterojunc-
tion with interdigitated back-contact solar cells, and tunnel oxide passivated contact (TOPCon)
solar cells. The highest recorded efficiency of a monocrystalline solar cell stands at 26.8 0.4
% with a cell area of 274.4 cm? while that of a monocrystalline module is 24.7 +0.3% with a
module area of 17806 cm? [1]. In the case of multicrystalline Si solar cells, the record efficiency
is 23.81% with a cell area of 246.44 ¢cm? [2] and for module-level, it is 20.4% with a module
area of 14818 cm? [1]. One of the fundamental impediments to achieving better efficiency is
the recombination of photo-generated charge carriers within the bulk of solar cells.

In multicrystalline solar cells, metallic impurities and extended crystallographic defects such as
grain boundaries, dislocations, etc., in the Si bulk act as recombination centers of charge carriers
[3, 4]. These metallic impurities come from silicon feedstock used for making multicrystalline
Si wafers by direct solidification method [3]. The impurities include Fe, Cu, Ni, etc. They are
fast diffusing in Si and highly recombination active, hence limiting the solar cells’ electrical
performance [5—7]. They can exist either in the elemental form, complexes, or as a precipitate
[8, 9]. While metalizing solar cells with Cu and Ni, it is possible for defects associated with

these elements to also develop within the device [10, 11]. The efficiency of monocrystalline



Si solar cells, especially p-type cells, is limited due to impurities such as boron-oxygen (BO)
complexes, interstitial oxygen, oxide precipitate, hydrogen-related defects, and others in the
bulk of Si wafer, even when employing the best-known surface passivation techniques. These
defects act as lifetime killers of charge carriers and cause an increase in the device recombina-
tion current. The trend of recombination current in p-type monocrystalline Si solar cells as per
the international technology roadmap for photovoltaics (ITRPV) 2024 report is shown in Figure
1.1 [12]. The report says that the bulk recombination current of p-type monocrystalline Si is
about 50 fA cm™2. In the future, with the advancement in processing technology, it is expected
that recombination current can be reduced to a level of 20 fA cm™2 for monocrystalline p-Si

wafer-based solar cells.
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Figure 1.1: Recombination current in p-type material and its future trend [12].

Metallic and non-metallic impurities in Si can act as defects or defect precursors. Defect
precursors can be recombination inactive initially but can undergo structural transformation and
become recombination active defects upon exposure to light and heat [13, 14]. Hence, the re-
combination characteristics of the device change on exposure to light and heat. This, in turn,
causes performance degradation of the device under normal operating conditions [13, 14]. To
achieve high-efficiency solar cells, it is imperative to decrease recombination losses occurring

on both the front and rear sides of the cell, along with those within the bulk material of Si solar

2



cells.

1.1 Motivation

Light and elevated temperature induced Degradation (LeTID) is one of the primary degrada-
tions that adversely impact the performance of solar cells [15, 16]. Petter et. al. [17] has
reported more than 10% relative decrease in efficiency in PERC solar cells when subjected to
light and heat. LeTID is reported in all types of silicon wafers irrespective of the type of doping
(n-type or p-type), growth technique (casting, Czochralski or float zone) or crystal structure
(monocrystalline or multicrystalline) [15], [18-23]. Accurate defect physics of LeTID is still
unknown; however, various studies have proposed the presence of hydrogen in silicon could
be the major cause [24-26]. Hydrogen is incorporated into solar cells from the hydrogenated
silicon nitride (SiNx : H ) anti-reflective coating (ARC) during the co-firing process [27, 28].
Plasma-enhanced chemical vapor deposition (PECVD) is the preferred method of SiNx : H de-
position in the industrial production of solar cells. When subjected to light and heat, PECVD
SiNyx : H passivated silicon samples also show a recovery in performance after the degradation
[18-23, 27,29, 30]. This recovery is attributed to improved bulk lifetime by transforming defect
configurations and internal gettering [13, 14]. Figure 1.2 provides an insight into the impact of
light and heat on the effective lifetime of charge carriers in asymmetrically distributed n-type
samples passivated with PECVD : SiNx : H layer. The samples show initial degradation in the
effective lifetime during illuminated annealing at 1 kW/m? and 140°C for up to 50 minutes and
begin to recover as the light soaking duration increases, eventually regaining their initial value
after 8 hours.

The impact of various fabrication process parameters such as firing process [19, 27, 31, 32],
SiNx : H film deposition [29, 33—-35] and emitter diffusion [28, 30] on LeTID have been stud-
ied by many research groups. Previous studies show that LeTID behavior is severe in silicon
samples for peak firing temperature greater than 700°C [19, 27, 31, 32]. Several groups demon-
strated that LeTID is proportional to the thickness and atomic bond (Si-H and N-H) density of
SiNx : H films [29, 33-35]. In addition, LeTID is reported in samples with hydrogenated alu-
minum oxide (AlOx : H) films deposited by the PECVD technique as well [36]. This confirms

the strong dependence of LeTID on the deposition technique. Hence, it is extremely important
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to study the characteristics of LeTID, as most of the current architectures such as PERC cells
and upcoming architectures such as TOPCon cells in the solar photovoltaic industry use the
PECVD technique for dielectric deposition. The crossectional view of PERC and TOPcon solar

cells are shown in Figure 1.3.
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Figure 1.3: Cross sectional view of PERC and TOPcon solar cell

Additionally, research by Sen et al. [30] emphasized that emitter sheet resistance plays a
crucial role in degradation and regeneration behavior, affecting both the bulk and surface of so-
lar cells. Their findings suggested that emitters with high sheet resistance profiles result in lower
bulk degradation but higher surface degradation [30]. Furthermore, it is important to note that
transition metals found in multicrystalline silicon may play a role in LeTID and its subsequent
regeneration behavior. Therefore, the impurity-gettering process also has an impact on LeTID

behavior. Schmidt et al. [14] and Zuschlag et al. [28] reported that wafers without effective



impurity gettering are more susceptible to LeTID compared to wafers with gettering processes
in place. All the above studies indicate that the industry processes significantly influence the

LeTID behavior of silicon solar cells.

Initially, LeTID was reported in boron-doped multicrystalline silicon solar cell structures [13,
19, 27-29, 31-33, 35, 37—-40]. Later studies revealed that solar cell structures fabricated on float
zone and Czochralski (Cz) grown monocrystalline silicon wafers also exhibit LeTID character-
istics [18, 22, 23, 41]. However, LeTID behavior in those test structures are different from one
another, and the variation is based on the position of Fermi level [42], the intensity of illumi-
nation, and annealing temperature [43, 44]. Recently, Chen et al. investigated LeTID-related
variation in minority carrier lifetime characteristics in diffused and non-diffused p-type and n-
type Cz-grown silicon solar cell structures [21, 22]. They reported degradation in both diffused
and non-diffused samples. However, they observed a recovery in effective carrier lifetime after
degradation in diffused samples. Their studies also revealed that effective lifetime variation in
both n-type and p-type samples is mainly due to the defects formed in the bulk with no signifi-
cant changes in the emitter. In contrast, Sen et al. [30] reported that defects are formed mainly
at the emitter surface when subjected to illuminated annealing at 130°C for 100 h and that the
emitter doping profile plays a significant role in determining the degradation characteristics.
Since the response of the emitter surface determines the overall performance of high-efficiency
solar cell architectures, it is essential to characterize and analyze the LeTID behavior of the
emitter surface along with bulk. To the best of our knowledge, no published research has inves-
tigated the recombination characteristics associated with LeTID in the emitter surface and bulk
of commercially viable silicon solar cell structures with varying bulk qualities. Moreover, there
are no reported studies on the presence of any chemical species other than hydrogen or their
involvement in either bulk or surface degradation in PECVD SiNyx : H passivated samples.

Most of the work related to LeTID is reported on partially processed silicon wafers, and only
limited literature is available for finished solar cells. The available literature mainly focuses
on performance stability analysis of cells and modules [15, 45] comparison of performance
parameters for different cell architectures [46, 47], the impact of process parameter varia-
tions [32, 39, 40, 46, 48] estimation of defect formation and transformation activation ener-
gies [39, 42, 43] and the mitigation measures [39, 40, 4244, 48]. Even though the variations in

cell performance parameters were presented previously, no characterization or in-depth analysis



was reported on the factors contributing to it. Apart from the current-voltage analysis, spectral
response measurements have been commonly used for characterizing the LeTID behavior in
silicon solar cells[40, 46—49]. Cho et al. [47] reported a variation in the external quantum ef-
ficiency (EQE) for the wavelength range of 700 nm to 1000 nm after light soaking. Maischner
et al. [40] and Hu et al. [48] also proposed that deep bulk defects are responsible for LeTID by
comparing the EQE in the long wavelength range. Padmanabhan et al.[46] recorded variation in
spectral response in the wavelength range from 500 nm onwards for one sun-illuminated anneal-
ing at 90°C. In addition, Xiao et al. [49] recently reported long-term degradation at the surface
and subsurface region based on the light beam-induced current (LBIC) variation at 406 nm and
658 nm wavelengths for light soaking duration beyond 280 hours (h). These studies suggest that
correlating LeTID only to deep bulk defects may not be appropriate for all light soaking condi-
tions, and hence, detailed investigations are required in this direction. In addition, as hydrogen
is considered the main culprit for LeTID, it can impact the silicon - SiNy : H interface, diffused
emitter, space charge region, bulk, and rear of the solar cells. There are no reported studies on
recombination within the space charge region due to illuminated annealing and its influence on
the performance parameters of solar cells. Moreover, the discussions related to variations in
open circuit voltage were always restricted to either deep bulk defects [40, 47] or LeTID and
subsequent regeneration kinetics [32, 46—48]. Although LeTID and regeneration in fill factor
were reported elsewhere [40, 46, 47], no detailed discussions about factors contributing to fill
factor variation are available. Hence, there is a requirement to classify the factors contributing

to LeTID and subsequent regeneration in silicon solar cells.

1.2 Organization of the Thesis

The thesis is organized into nine chapters. Chapter 1 introduces the research’s significance,
current development in the specified area of interest, and motivation behind studying the re-
combination characteristics of light and elevated temperature-induced degradation in industrial
silicon solar cells. Chapter 2 describes the solar cell’s structure, performance parameters, two-
diode electrical equivalent model, and physics of various recombination mechanisms that limit
the electrical performance of Si semiconductor devices. A detailed analysis of the dependency
of Shockley - Read- Hall (SRH) recombination characteristics on the electrical properties of

defects and injection conditions is also presented. The Chapter 3 reviews the recombination



properties of common light-sensitive SRH defects in Si wafers and methodologies used to mit-
igate the SRH defects. In Chapter 4, a literature review for understanding the LeTID behavior
in silicon solar cells, factors influencing degradation mechanism, modeling of degradation and
regeneration kinetics, its root cause, and methods for mitigating the impact of LeTID are pre-
sented. Chapter S describes the basic principle and characterization techniques used in the
thesis.

Chapter 6 investigates the degradation behavior of PECVD SiNy : H passivated Cz-grown sil-
icon samples after light soaking under normal outdoor conditions. The degradation behavior
of both p-type and n-type samples characterized by lifetime measurements and spectroscopic
techniques is detailed in the chapter. Further, the estimation of the amount of defect generated
in the samples and the corresponding behavioral changes are also presented. The chapter also
gives an insight into the importance of emitter in determining the regeneration behavior of solar
cells after degradation during the normal operating conditions of light and elevated temperature.
Chapter 7 comprehensively analyzes recombination characteristics due to illumination under
elevated temperature in Si wafers. The chapter presents a study of band-to-band photolumi-
nescence (PL) emission from the test structures fabricated on industrial monocrystalline and
multicrystalline Si wafers to analyze the spatial variation of LeTID and regeneration behavior.
An investigation of the impact of LeTID on the emitter surface and bulk separately as a func-
tion of annealing duration using lifetime characterization is also presented in the chapter. The
last section of the chapter describes validating the LeTID behavior of surface and bulk in the
test structures with quantum efficiency (QE) measurements in crystalline and multicrystalline
Si solar cells.

Chapter 8 explores the recombination characteristics resulting from LeTID in industrial silicon
solar cells. This chapter commences by investigating the variations in performance parameters
attributed to LeTID in both monocrystalline and multicrystalline silicon solar cells featuring
an aluminum back surface field (Al-BSF). A comprehensive analysis of the two-diode model
parameters is conducted to discern the factors contributing to the observed fluctuations in perfor-
mance parameters. Furthermore, the chapter delves into a detailed examination of the behavior
of different regions within the solar cells. This examination encompasses the emitter, space
charge, and bulk regions, scrutinizing their responses during LeTID and the subsequent regen-
eration processes.

Chapter 9 summarizes the thesis and provides a glimpse into the future potential for extending



the research.



Chapter 2

Silicon Solar Cells and

Recombination Mechanisms

The thesis explores the decline in the performance of both monocrystalline and multicrystalline
Si solar cells under the influence of light and heat. An essential aspect of this investigation
involves scrutinizing the performance parameters of solar cells and the factors that influence
these parameters. The key factors that impact the performance parameters of solar cells in-
clude recombination processes, light-induced current, series resistance, and shunt resistance
[50]. This chapter provides an overview of the p-n junction solar cell’s structure, performance
parameters, and the underlying physics of various recombination mechanisms that affect the

cell’s performance characteristics.

2.1 Performance parameters of solar Cells

A typical solar cell is a semiconductor device that converts light energy from the sun into elec-
trical energy. For the efficient conversion of light energy to electrical energy, the solar cell has
to perform four important functions: light trapping, generation of charge carriers, separation
of charge carriers, and finally, collection of charge carriers [S0]. A solar cell device’s basic
structure must perform all these functions. The schematic diagram of a p-n junction solar cell
is shown in Figure 2.1 (a). It comprises a thick, lightly doped p-type base material with a thin,
heavily doped n-type emitter. Amble charge carriers are generated within the cells’ base and

separated by the electric field at the junction. The emitter’s surface is textured and coated with



an ARC to enhance the cell’s light trapping. ARC also reduces surface recombination by pas-
sivating the dangling bonds. The metal contacts are provided on the front and back surfaces

to maximize the charge carrier collection probability. The output characteristics of the cell are
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Figure 2.1: (a) The basic structure of a p-n junction solar cell. (b) The current density-voltage
(J-V) characteristics of a typical solar cell and the corresponding power-voltage (P-V) charac-
teristics are represented in black and red solid lines, respectively.

shown in Figure 2.1 (b). The cell’s current density-voltage (J-V) characteristics and the cor-
responding power density-voltage (P-V) characteristics are represented in black and red solid
lines, respectively. On the P-V curve, the maximum power point (Ppax) in W cm™2 and corre-
sponding point on the J-V curve is the maximum power point current density (Jjax, A cm2)
and maximum power point voltage (Vmax, V). The solar cell must operate at its maximum
power point to get maximum power output. The most important and commonly used perfor-
mance parameter is the solar cell’s efficiency, which measures how much power output can be
generated from a cell for a given solar irradiance. It is defined as the ratio of maximum output

power to the input power as given in Eq.2.1 [50].

_ Pmax _ Vmax X Jmax

Pin B Pin

2.1

Where P;, is the solar irradiance, which is equal to 0.1 W cm™2 under standard test condition
(STC) of AM 1.5G spectra and 25°C.

The other performance parameters include short circuit current density (Jgc, A cm™2), open
circuit voltage (Voc, V), and fill factor (FF) [50]. Jgc is the maximum current flowing through

the solar cell when the output voltage across the solar cell is zero (i.e., when the solar cell is
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short-circuited). It is determined by various factors such as solar irradiance, light absorption and
reflection properties of the cell, number of charge carriers generated, and collection probability.
Voc is the maximum output voltage across the cell (i.e. when the cell is open circuit). Vo
is determined by the various recombination mechanisms within the solar cell, photo-generated
current, and Jgc dependency on photo-generated current. However, the cell’s power is zero at
both operating conditions corresponding to Jgc and V. The performance parameter FF, a
measure of squareness of the J-V characteristics of the cell, can be used to relate the Vo, Jsc.,
and Ppyaxof the cell. FF is defined as the ratio of maximum output power to the product of Vo
and Jgc.

Pmax ~_ Vmax X Jmax

FF = -
Voc xXJsc  Voc xJsc

(2.2)

FF is determined by various internal mechanisms, such as the cell’s recombination param-
eters and restive components. By combining Eq.2.1 and 2.2, efficiency can be related to the

performance parameters of the solar cells as given in Eq.2.3

_ FF x VOC X JSC
Pin

(2.3)

2.2 Two diode model of solar cells

The two-diode model is used to analyze the performance parameter variations in solar cells
[51-54]. This model offers several advantages in describing the electrical characteristics of
solar cells. It provides a more accurate representation of a solar cell’s current-voltage charac-
teristics, particularly in regions where the one-diode model is less effective, such as at low and
high current densities. The two-diode model enables more precise estimation of parameters like
series resistance, shunt resistance, and diode ideality factors. By distinguishing recombination
effects at the junction from those in the rest of the solar cell, it enhances the understanding of
loss mechanisms. It better accommodates leakage currents, especially under high reverse bias
conditions, where junction and bulk recombination mechanisms contribute significantly. This
separation of recombination mechanisms facilitates a more precise assessment of the impacts of
shunt and series resistances on the overall performance of the PV cell. Moreover, the two-diode
model provides a more detailed description of cell behavior under low illumination conditions,
emphasizing the increased significance of junction recombination relative to bulk recombina-

tion.
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The two-diode model represents the electrical equivalent of a p-n junction solar cell, as

shown in shown in Figure 2.2. The circuit contains two diodes, D; and D,. D accounts for the

Jon g o1, Jba), Jon, ¥

L ]

Figure 2.2: The electrical equivalent of a p-n junction solar cell.

recombination within the bulk of the solar cells and two cell surfaces. The D, accounts for the
depletion region recombination. The current source Jpp, represents the photo-generated diffusion
current density (A cm™2). The series resistances (Rg, Q cm?) and shunt resistance (Rgp, Q cm?)
account for ohmic resistances offered by the series and shunt current paths respectively. Based

on the diode model, the J-V characteristics of the solar cell can be modeled as follows

(VHIROAT , j  (VHIR2KT , V+IRs 2.4)

+ JOQC
Rsh

Jph =] 01¢€
where J; is the recombination current density of the bulk, front and rear surfaces (A cm™2),
Joo 1s the recombination current density in the depletion region (A cm™2), J is the output current
density in (A cm‘z), V is the output voltage (V), k is Boltzmann constant (eV K‘l), and T is

the temperature (K).

The degradation in the electrical performance of the solar cells can be due to recombination
losses and ohmic losses. The ohmic losses are due to the resistive components Rg and Rgp,. In
addition to the above electrical losses, there can be optical losses, too. It is due to the reflection
of incident light by the device and the shadowing effect of the metal contact grid. The optical
losses can be minimized by texturing the silicon surface with pyramidal structures and optimiz-
ing the dielectric properties and thickness of the ARC layer. The metal lines in the contact grid
also cause optical loss by limiting the amount of light trapped in the solar cell. However, min-
imizing the optical loss by reducing the number and thickness of metal lines is not optimum.

Reducing the metal lines’ number and size will affect the device’s current collection capabil-
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ity and increase ohmic losses. So, industrial Si solar cells use optimum design to decide the
metal line’s number and thickness to maximize efficiency. The major loss in solar cells is due
to recombination loss. The recombination of the charge carriers, which limits the performance
of solar cells, can occur throughout the device. Recombination at the emitter, within the bulk,
at the Si-dielectric layer interface, and at the Si-metal interface will decide the conversion effi-
ciency of the solar cell. Various mechanisms responsible for carrier recombination within the

solar cell are described in the following section.

2.3 Carrier recombination in solar cells

Large amounts of free charge carriers are generated when semiconductors are subjected to ex-
ternal excitation such as light, heat, or by applying an external voltage. The bounded charge
carriers in the valance band will absorb energy from external sources and undergo the transi-
tion from the valance band to the conduction band. This process is referred to as generation.
The generation of excess carriers will disturb the equilibrium condition of the system. Hence,
the system will try to bring back the system to its equilibrium condition by an inverse process
known as recombination. The excited charge carriers return to the minimum energy level by re-
leasing absorbed energy. In other words, during the recombination process, the electrons in the
conduction band undergo a downward transition to the empty state in the valance band and an-
nihilate the electron-hole pair. The change in concentration of excess charge carriers with time
is known as the recombination rate. The recombination rate depends upon the carrier densities
and the probability of a downward transition from the conduction band to the valance band.
Both energy and change in momentum are conserved during the recombination process, releas-
ing photons and phonons and transferring the energy to another free-charge carrier within the
system [55, 56]. The recombination and generation can occur throughout the semiconductor at
any time, even under equilibrium conditions. However, under thermal equilibrium conditions,
the generation is balanced by the reverse processes of recombination. This process determines
the equilibrium concentration of electrons (ng, cm™>) and equilibrium concentration of holes
(po> cm™3). Upon external excitation, the increase in generation rate is counterbalanced by an
increase in the recombination rate. The net generation or recombination rate determines the
non-equilibrium electron concentration n = ng+An and hole concentration p = pg+Ap. Here,

An and Ap are the semiconductor’s excess electron and excess hole concentration (cm_3). Since
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excess charge carriers are generated or recombined in pairs An = Ap. When the recombination
rate exceeds the generation rate, the concentration of charge carriers decreases with time. The

following rate equation R represents the decay of charge carriers (em™3 s71) [55, 56).

_dn(t)
R = 5 (2.5)

The time constant associated with the decay of charge carriers during the recombination
process is known as recombination lifetime or carrier lifetime (7, s). Mathematically, the carrier
lifetime is represented as follows

=% (2.6)

Several physical mechanisms have been suggested to account for the recombination of elec-
trons and holes in semiconductors [55, 56]. Based on the physical mechanisms by which the
excess charge carriers undergo recombination, the recombination mechanisms are classified as
band-to-band recombination, Auger recombination, SRH recombination, and surface recombi-
nation. The surface recombination is considered as an extension of SRH recombination within
the bulk. The individual recombination mechanisms are characterized by their respective re-
combination rates. The effective recombination rate in the semiconductor is determined by the

recombination rates associated with each of these individual mechanisms.

2.3.1 Radiative recombination

Radiative recombination is one of the prominent intrinsic recombination mechanisms in direct
band gap semiconductors. This type of recombination occurs due to the direct transition of
electrons from the conduction band energy state to the empty (hole) state in the valance band
[57-59]. In radiative recombination, the energy is released during the downward transition of
the electron from the conduction band to the valance band in the form of photons whose energy
(hv) is equal to the band gap of the semiconductors, as shown in Figure 2.3. In Figure 2.3, Ec
represents the lower end of the conduction band energy level (eV), Ey represents the upper end
of the valance band energy level (eV), h is the planks constant (eV s), and Vv is the frequency
(s™!) of the emitted photons. The radiative recombination rate is proportional to the number

of electron concentrations in the conduction band and holes in the valance band.The following
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Figure 2.3: Schematic diagram showing radiative recombination process

expression represents the net radiative recombination rate (R4, em3s71)
Ryaq = B(np—n?) 2.7)

where B is the coefficient of radiative recombination ((:m3 s_l) and is determined by the band
structure of the material. Substituting n =ng+ Ay, and p = pg+Ap and nypg = n; the recombina-

tion rate in Eq.2.7 can be modeled as follows
R;ad = B(ng+pg +An)An (2.8)

Being an indirect band gap material, radiative recombination in Si requires the participation
of phonons of the right momentum for momentum conservation [56]. This extra requirement
reduces the probability of radiative recombination. It is reflected in the value of B. and is around
473 x 10715 cm3 571 in Si [60]. The value of B for GaAs, which is a direct band gap material,
is around 7.2 x10710 cm3 s71 at 300 K [61]. The lifetime of charge carriers due to radiative

recombination (7,4, S) is given by [57]

S An a 1
47 Rad  B(ng+pg+An)

(2.9)

For low level injection condition An << ng+py, the radiative lifetime of charge carriers becomes

1

= — 2.10
B(ng+pg) ( )

Trad

For high level injection condition An >>ng+pg, the radiative lifetime of charge carriers be-

comes
1

Trad = B(An)- 2.11)
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2.3.2 Auger recombination

Auger recombination is an intrinsic mechanism involving three charge carriers based on the
Auger effect [55, 56]. In this process, electrons directly transit from the available conduction
band state to an empty state in the valance band and annihilate the electron-hole pair. The
excess energy released during the recombination of the electron-hole pair is not in the form of
photons; rather, the energy is transferred to another free charge carrier in the system. Hence,
Auger recombination is a non-radiative recombination process. The excess energy released
during the Auger recombination can be transferred to an electron or a hole. If the energy is
exchanged with an electron, it is known as the "eeh" process. If the energy is exchanged with
a hole, it is known as the "ehh" process. The newly excited charge carrier exchanges its energy
with the surrounding semiconductor lattice. Hence, the rate of Auger recombination due to
both the "eeh" and "ehh" processes is proportional to the concentration of respective charge
carriers involved. Hence, the recombination rate due to the "eeh" process (Reep, cm™>) and the

recombination rate due to the "ehh" process (Reep, cm™>) becomes

Reen = Cnnzp (2.12)
Repn = Cpnp2

where C;, and Cp are the Auger coefficients associated with the "eeh" and "ehh" processes (cm®
s, respectively. The schematic diagram showing Auger recombination is shown in Figure

2.4. Net Auger recombination rate (Rayg, cm™ s71) can be modeled as follows

8enh Cp np?
0 o

Ev

O O
8eeh Cn n2p

Figure 2.4: Schematic diagram showing Auger recombination consisting of "eeh" process and
"ehh" process.
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RAug = Cn(nzp —n(z)Po) + Cp(np2 —nop(z))) (2.13)

The values of the Auger coefficients are Cy = 2.8 x 10731 cm®s~! and Cp=99x 10732 ¢cmbs~!

for Si [62]. Substituting n =ng+An and p = pg+An in Eq.2.13, Rpyg can be rewritten as
RAug = Cn((ng +An)*(pg + An) —ngpg) + Cp((ng + An)(po +An)?) —ngpg) (2.14)

The corresponding Auger lifetime of the charge carriers (Tayg, 8) 18

An An
TAug = = 3 5 5 3 (2.15)
RAug Cn((ng+An)=(py +An)— n()PO) + Cp((nO +An)(pg +An)~) — nOP())
In the case of high-level injection conditions An >>ng +pg, Tayg in Eq.2.15 becomes
T ioh = ! (2.16)
Aughish = ¢ 4 Cp)AR2 '

The above Eq.2.16 suggests the strong dependence of Auger recombination on excess carrier
concentration at high injection conditions [63]. In the case of low-level injection conditions

An <<ng+py, Tayg in Eq.2.15 becomes

1 1

T = = for n-type Si 2.17
Aug,low Cnn(z) CnN(%Op yp ( )
T ! ! for p-type Si (2.18)
Aug,low = 7= ) -ty 1 .
CppO Cdeop

where N the doping concentrations (cm™). Eq.2.17 and 2.18 indicate the dependence of the
Auger recombination on the doping concentration of the semiconductor material [63].

The traditional Auger recombination model described above will hold well with experimen-
tally measured lifetime values only when the doping concentration of Si is greater 5 X 1018¢cm3.
However, for lightly and moderately doped Si, the modeled Auger lifetime values differ from
measured values [63]. The deviation in lightly doped material is due to the Coulomb interac-
tion of free charge carriers proposed by Hangleiter and Hacker [64]. According to the quantum
mechanical theory of Hangleiter and Hacker, the spatial interaction of free charge carriers can
form scattering states and bound states (exciton). Due to exciton formation, the electron den-

sity in the vicinity of holes increases, and Coulomb interaction increases. However, the exciton
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formation is suppressed when the majority carrier concentration or excess carrier density due to
injection exceeds exciton Mott density of 108¢m™3. Hence, the traditional Auger recombination
model is modified, considering the Coloumb Enhanced Auger Recombination proposed by A.
Hangleiter and R. Hacker [64]. To include Coulomb interaction in Auger recombination, the
Auger coefficient Cp and Cp are multiplied with enhancement factors geep, and gepp, [65]. Al-
termatt et al. [65] modeled Coulomb enhancement factors based on the lifetime measurements

as given below
Zeen(ng) = 1+13.0[1 _ tanh(—0_ 066
NO,eeh

2enn(Po) = 1+7.5[1 _tanh(Np_0)0.63]
0,ehh

(2.19)

where ge., and gepp are enhancement factors that account for the coulomb enhancement un-
der low-level injection conditions. The empirical values of the constants used are: N eep=
33 x 107cm™3, No,enh= 7 X 10 7cm3. Eq.2.20 represents a generalized model considering
the dependency of Auger recombination on Coulomb interaction at low-level injection and the

dependency on excess carrier density at high-level injection [66].

An B An
Raug  np(8eehCnnd® + 2oy Cpph 0 + CaAn08)

TAug = (2.20)
The empirical values of the constants used are Cy, = 2.8 x 10731 cm® 571, Cp =99 x 10732 cm®
s_l, C, =379 x 10731 cm® ¢! [66]. The third parameter, C,, is required since the Coulomb
interaction is reduced due to the screening effect based on the concentration of electrons and
holes. C, represents the injection-dependent ambipolar coefficient. The theoretical model for
Auger recombination is essential to analyze its fundamentals and predict the values since Auger
recombination cannot be measured, unlike radiative recombination. However, all the internal
processes involved in the Auger process are not fully understood so far. It is reported that in ad-
dition to the Coulomb interaction, the Auger recombination can occur involving the impurities
known as trap-assisted Auger recombination and involving photons. For silicon at 300 K, the
parameterization proposed by Kerr and Cuevas [66] 1s widely used for describing Auger recom-
bination. Further, Ritcher et al. [62] proposed an improved quantitative description for Auger
recombination in crystalline Si. According to Richer et al., the modified empirical constants as-
sociated with Auger recombination are Cp, = 2.5 X 10731 cm® s_l, Cp=8.5x 1032 cm 65! , Ca

=3.0x 10729 cm® 57! [62]. In the case of Si solar cells, the emitter is heavily doped. Therefore,
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the lifetime of charge carriers in the emitter region is limited by Auger recombination. Auger
recombination in Si solar cells can also be significant when the devices are subjected to high

level injection conditions, even though the substrate is lightly doped.

2.3.3 Shockley - Read - Hall- recombination

Shockley — Read — Hall (SRH) recombination dominates indirect band gap materials like Si and
Ge. This type of recombination occurs due to defects in the bulk of semiconductor material.
These defects act as recombination centers of charge carriers and significantly reduce the car-
rier lifetime within the bulk. The defects can be metallic impurities (Fe, Cu, Ni, Ti, Au) [5-7],
meta-stable defects (FeB complex, BO complex) [67-71], precipitates [72, 73], crystallographic
defects (grain boundaries, vacancies, interstitial), etc. The defect can disturb the periodicity of
the semiconductor crystal structure and introduce defect energy levels in the forbidden band
gap of the crystalline semiconductor. The defect energy level can capture the charge carriers
from the conduction and valance bands. When the defect level is occupied with an electron,
it can emit an electron to the conduction band or capture an electron from the valance band.
When the defect level is unoccupied, it can either capture an electron from the conduction band
or emit a hole into the valance band. The schematic diagram of these four processes is depicted

in Figure 2.5 [56]. The defect levels act as either trap, generation, or recombination centers
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Figure 2.5: Schematic diagram showing (a) Electron emission, (b). Electron capture (c) Hole
capture (d) Hole emission [56].

of charge carriers. Trap centers capture charge carriers from the valance band and conduction
band. Then, the charge carriers are re-emitted to the band from where it is captured. Defect
levels act as generation centers when they emit electrons to the conduction band and hole to the
valance band, or an electron is first excited to the defect level. Then, it is excited to the con-

duction band. In both cases, an electron-hole pair is created. Defect level acts as recombination
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center when the electron-hole pair is annihilated. During the recombination process, the excited
charge carriers transit from the conduction band to the trap level and then transit from the trap
level to the empty state in the valance band, annihilating electron-hole pair or the electron in
the conduction band transit to the empty state in the trap level annihilating the electron-hole
pair. Thus, defects in the semiconductor’s bandgap enable a two-step process known as defect-
assisted recombination. Hence, the rate of defect-assisted recombination depends upon defect
density, the position of the defect energy level, and the ability of the defect level to trap and
release charge carriers in addition to the charge carrier densities in the semiconductor [56].

Shockley, Read, and Hall modeled the defect-related recombination by statistical analysis of the
fundamental processes of electron capture, electron emission, hole capture, and hole emission
[74]. The predicted SRH model applies to non-degenerate semiconductors with a single defect

level, and its concentration should be much less than the doping concentration.

2.3.3.1 SRH statistics

In defect-assisted recombination, the change in concentration of charge carriers with time is
determined by the emission rate and capture rate of electrons and holes of the defect energy
level [56]. The capture (emission) rate represents the rate at which the charge carriers are
captured (emitted) from (to) the respective bands by the defect energy level. It depends upon
the concentration of the charge carriers and the capture coefficient. The capture rate can be

expressed as

Ch =0p*n

(2.21)
where ¢ and cp are the capture rate for electron and hole s™h respectively, o and o are
capture coefficients of electron and hole (cm3 s71) respectively. The capture coefficients are

defined as follows

Oy = Op * Vi
(2.22)
OCp = Gp * Vih

where o, and op are capture cross-sections of the defect level for electron and hole (cmz),
respectively. The capture cross-section measures the recombination centers’ effectiveness in
capturing the charge carriers. The higher the value of the capture cross-section, the higher will

be the capture rate. vy, is the thermal velocity of charge carriers (cm sh.
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Let Ny be the concentration of the defects in a semiconductor material in cm™, and f; be
the probability that the defect energy level Et is filled with electrons. Then, the change in

concentration of charge carriers with time can be expressed as

d
d—n = enfN — ogun(1 - f)N

dlf) (2.23)

where ep and e are the emission rates for the electrons and holes ) respectively. Using the

principle of detailed balancing, the emission rate can be determined. The principle of detailed

balancing states that under thermal equilibrium process and its inverse process are balanced irre-

spective of any other process occurring within the system [56]. In other words dn/dt = dp/dt = 0.

Then, the emission rate can be expressed as follows

enftNT = OCnl’l(l —ft)NT

1t (2.24)
= Onpy

€n =Chll
t

and
epftNT = app(1 - )Nt
11, (2.25)

—% and p; =p1%tft =Ny exp—%. Nc and Ny are the

where n| = nlg—tft =Nc exp
effective densities of states (eV_lcm_3), respectively, in the conduction band and valance band.
The SRH density terms ny and p; can also relate with the intrinsic carrier concentration n;

(cm™>) and intrinsic energy level E; (eV) as given in the following Eq.2.26

nj=n; exp_w

1 kT (2.26)
p=n exp_@

! kT

By substituting the expression of the emission rate in Eq.2.23 and equating dn/dt=dp/dt,

occupation probability f; of the defect center can be obtained. Inserting the expression for f; in
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either of the Eq.2.23, the net SRH recombination rate (Rgry. em3s71) can be expressed as

np—ni2
RsrH = 1 1 (2.27)
Ny M)+ G (P+py)
Eq.2.27 can also be written by replacing the n =ng+An and p = p, +An as follows
ng +An)(pg + Ap) —n?) 0t 0 N
Rggif = ((ng )(po +Ap)—n;)apanNT (2.28)

on(n+ny)+op(p+py)

The SRH lifetime of charge carriers (Tgrp) in ps can be deduced from Rgry, which is given
by

ﬁ(no+n1 +An) + #NT(p(ﬁpl +An)

np+po+An

(2.29)

TSRH =

It is clear from Eq.2.29 that the SRH recombination depends on the dopant levels, injection
level, defect concentration, and defect-specific properties, like the capture cross-section, defect
concentration, and the defect energy level.

This expression can be simplified under high and low-level injection conditions for a p-type

semiconductor as follows

Case 1: Low level injection An << p

1 1
(xpNT(nl) &Ny (Po+P1)
TSRH, low = + = (2.30)
Po Po
The quantities %INT and ocnlNT are replaced with capture time constants 7, and Ty for electrons

and holes respectively in ps.

nj 0(130+131)

n
TSRH,low = Tp0— + Tn = Tpo(l Pl (2.31)
Po Po

Po Po

=50 0 _ On
where Q = o —0p — O
Under low-level injection conditions, SRH lifetime is independent of the density of excess
carriers; rather, it is limited by doping concentration and characteristic parameters of the defect
like defect energy level, defect concentration, and capture cross section of electrons and holes

for the defect.
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Case 2: High level injection An >> pg,p;,n

1 1
N7 An+ @ NT An

TSRH,high = An
1 1

+

= Tp() +Tho

= Ty0(Q+1)

Under high-level injection, SRH lifetime is limited defect concentration and the capture cross-
section of electrons and holes for the defect. It is independent of defect energy level, doping

concentration, and excess carrier density.

2.3.4 Surface recombination

Surface recombination refers to the recombination due to interfacial traps. The inter-facial traps
are created due to the abrupt termination of the crystal structure at the surface or interface.
Abrupt termination causes unsatisfied Si bonds called dangling bonds at the interface. So,
the charge carriers are trapped at the surface by these dangling bonds, which annihilates the

electron-hole pair, as shown in Figure 2.6.

Ec Ec
/e/n
Yp
- Ev Ev

Figure 2.6: Schematic diagram showing (a) Electron emission, (b) Electron capture (c) Hole
capture (d) Hole emission [56]

The inter-facial trap centers have functionality similar to the SRH recombination centers.
Therefore, the recombination at the surface due to interfacial defects can be formulated as an
extension of SRH recombination proposed by Shockley et al. [74]. The surface recombination

2

rate (Rg, cm™ s71) due to a single trap level can be expressed similarly to the SRH recombina-
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tion rate specified in Eq.2.28 [56] as given below

NgPg _niz

Rs=—j I
puNrs (s +01s) + g (Ps + 1)

(2.33)

Where ng and ps are the electron and hole density at the surface (cm™), njg and pjg are SRH
densities defined in Eq.2.26. Ny is the defect density (cm™2) due to a single trap level at the
surface. ong and aps are capture coefficients of the electrons and holes at the surface (cm3 s ).
The terms ansNTg and apsNTg have dimensions of cm s71.

Unlike bulk defects, dangling bonds can give rise to the recombination active defect levels dis-
tributed throughout the band gap of the semiconductor surface. The net surface recombination
rate due to non-interacting inter-facial trap levels can be obtained by integrating the recombi-
nation rate due to a single trap level over the entire band gap range. Let D;; be the interfacial
trap density (cm? eV~!) in a small energy level dE. Then D;dE, which represents the number
of interfacial traps per cm? with energy between E and E+dE. Dj; dE is equivalent to Ny in

Eq.2.33. Hence, the net surface recombination rate can be obtained from Eq.2.33 by replacing

Nt with D;; dE and integrating over the entire bandgap [56].

Ec D;(E
Rg :nsps—niz/ it®) dE (2.34)

Ev %(ns +1015) + 5= (Ps +P1s)

The expression for surface recombination can be further simplified for p-type and n-type ma-
terials depending upon the injection condition. For a p-type semiconductor under low-level
injection conditions, the recombination at the surface can be deducted from Eq.2.34 by rewrit-
ing ng =ngg +Ang and ps = pos+Ans. Here, ngg and pyg are the equilibrium concentration of
electrons and holes at the surface (cm™), respectively. Ang is the excess carrier density at the
surface in cm™. Under the low level injection condition the term in ngps —ni2 reduces to posAns.

The denominator ﬁ(nS +ny)+ o%ns(ps +p1s) reduces to Lnls + O%ns(poS +p1s)- The surface

Olps
recombination rate can be expressed as

R A /EC Dy (E)
S = PosAng
Ev aLpSnls"'aLm(pOs‘Fpls)

dE = SggpAns (2.35)

Where S is the effective surface recombination velocity of electrons (cm s7h.
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Ec D.(E) Ec Dy(E)on(E)
Sefp = /E o dE = /E T T (2.36)
v a—mnls"‘a—m(PoﬁPls) V s poe T T poe

ns
Ops Pos Pos
The denominator in the integral can be approximated as unity closer to the mid-band gap. For all
other energy levels, the denominator can be approximated as infinite. The surface recombination
velocity reduces to the form

Sett = Dit0nsAE (2.37)

where AE is the defect energy range closer to the mid-band gap of the material. Similarly,
the effective surface recombination velocity of the n-type material can be deducted similar to
Eq.2.37 as given as follows

Sefr = Dt 0psAE (2.38)

It is clear from the above discussions that surface recombination in a semiconductor material
is determined by the density of traps at the interface and the concentration of charge carriers.
The inter-facial trap density and surface concentration of charge carriers must be reduced to
reduce surface recombination. The interfacial trap density is reduced using chemical passiva-
tion of dangling bonds. This can be realized using PECVD SiNy : H [75, 76] layer or by using
oxide growth such as silicon dioxide (SiOy) [77, 78], aluminum oxide (Al,O3) [79, 80] etc.
The dangling bonds are passivated with hydrogen or oxygen atoms in these dielectric layers.
In addition, liquid chemicals such as Quinhydrone in methanol, hydrogen fluoride (HF), super
acids, etc., can also be used for temporary passivation of the surface defects [§1-85]. The sur-
face concentration of charge carriers is reduced using the field effect passivation. In field effect
passivation, the dielectric layer’s electric field created at the interface repels the minority charge
carriers away from the surface, thereby reducing surface recombination. The electric field is
created due to inherent charges associated with the dielectric layer or charge deposition using
corona discharge [86, 87]. The minority carriers can be repelled away from the interface by
creating a back surface field (BSF) using a p—p* or n—n* junction. Hence, surface recombi-
nation in a solar cell is determined by the effectiveness of chemical passivation, dielectric field
passivation, and back surface field. The effectiveness of surface passivation is usually expressed
in terms of effective surface recombination velocity, which is defined as the ratio of surface re-
combination rate to excess carrier density at the surface. Sq.ef =Rg/Ang for p-type material and

Seff=Rg/Ap, for n-type material.
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Now the lifetime of charge carriers at the surface (7s, s) is determined from the Seff, the
thickness (W, cm) of the sample as given in Eq.refEq.2.39 [78],
W w

To = + (2.39)
® 7 Sefffront  Seffback

where Seff front and Sefr frone are the effective surface recombination velocity of the front
and back surfaces, respectively, in cms ! Eq.2.39 is valid when the sample surfaces are well
passivated with a suitable dielectric of very low surface recombination velocity stratifying the
condition S¢rW/D < 0.25. D is the diffusivity of the charge carriers. The surface recombination

can be minimized using various passivation techniques discussed in the following section.

2.3.4.1 Silicon dioxide passivation

The dielectric film deposited by the thermal oxidation of silicon is considered the most effective
method for Si surface passivation. The effectiveness of thermally grown SiO, is improved
by post-deposition high-temperature treatment such as alneal process, forming gas annealing
(FGA), corona charging of dielectric layer, and shielded ammonia plasma treatment, etc. Using
alneal Si0,, Kerr et al. [88] reported Se¢r values of 1.72 cm stand7cms™in 1.5Qcm n-type
and 1.0 Q cm p-type material respectively. Bonilla et al. [89] reported Sq¢r of 0.24 cm s, inan
n-type Si with resistivity of 1.0 Q cm after corona discharge. They observed an increase in Sq¢r
up to 28 cm s7! for textured samples [89]. Using shielded ammonia plasma method, an S of
0.17 cm s~ ! is reported in n-type Si with resistivity of 1.0  cm [90]. The growth of thermal
oxide of thickness about 100 nm at high temperatures is an expensive process from the point
of view of the solar PV industry. Hence, low-temperature, cost-effective dielectric deposition
methods such as PECVD deposited SiOy, nitric acid oxidation of silicon (NAOS) techniques,
etc., are used to grow the silicon oxide layer on the surface as dielectric cum passivation layer.
Both of these processes require post-deposition annealing to improve passivation quality. Using
PECVD SiOx film deposition, Sef of 1.5 cm s s reported in n-type Si with a resistivity of 1.0
Q cm [91, 92]. With the NAOS technique, the Sq¢ in the range of 20 - 70 cm s~ were reported
[93, 94].
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2.3.4.2 Silicon nitride dielectric passivation

PECVD silicon nitride dielectric layer is widely used as a passivation and dielectric layer in
commercial Si solar cells. Wide acceptance of SiNyx : H film for the Si solar industry is due to
the following reasons. 1. The refractive index of the PECVD SiNy : H layer can be tuned to get
the best anti-reflection property by controlling the deposition parameters and chamber condi-
tions. 2. The PECVD deposited SiNx : H layer is rich in hydrogen. The hydrogen released from
the dielectric layer during the post-deposition annealing process helps to passivate the dangling
bonds, thereby reducing the interfacial trap density. 3. PECVD SiNy : H layer provides field
effect reduction of minority carriers at the surface due to positive dielectric charges. Therefore,
the dielectric coating is best suited to reducing the recombination rate in n-type surfaces like n*
diffused emitter regions in p-type Si solar cells. Si surfaces passivated with PECVD SiNx : H
layer is reported to have interfacial trap density of 102 ev—! cm™2 and fixed dielectric charges
in the range of 101 em™2 to 1012 ecm™2 [95). Relatively lower Sq¢r values of less than 10 cm
s were reported by various research groups [62, 96, 97]. Kerr and Cuevas [96] reported Segr
value of 7 and 14 cm s respectively for n-type and p-type silicon samples with the resistivity

of about 1.0 Q cm. Chen et al.[97] reported Sq¢r value of 4.4 cm s

1

in n-type silicon samples
with 1 Q cm whereas Richter et al., reported 1.6 cm s in n-type silicon samples [62]. The low-
est reported Sqfr value is 0.67 cm s in 0.87 Q cm n-type Si samples passivated with PECVD
SiNx : H films [98].

The dielectric stack layer consisting of SiO5 (15 nm)/ SiNx : H (75 nm) provides a low positive
fixed charge density of about 10! lem? and very low interface defect density of 3x 1010 ev-!

2 using inline deposition method [99]. Schmidt et al., reported S of 5 — 10 cm sl in

cm

p-type Si of resistivity 1 € cm passivated with dielectric stack of thermally grown SiO, and
PECVD SiNx : H layer [100]. In n-type samples, a much lower surface recombination velocity
of about 1 -2cms ! is reported in [101, 102] using thermally grown Si0, and PECVD SiNy : H
dielectric stack. The thermally grown SiO, provides chemical passivation, while fixed negative
charges in the PECVD SiNy : H layer provide field-effect passivation. The growth of oxide
via PECVD is a rapid, low-temperature process compared to thermally grown SiO,. Conse-
quently, S10, and SiNy : H films can be deposited by the PECVD technique [103]. In addition,
the PECVD process improves the chemical passivation property of the dielectric stack during
the post-deposition annealing process. Using laboratory scale PECVD SiOx/SiNy : H stack, a

1

lowest Sefr of 7.6 cm s in n-type Si with resistivity of 3.5 Q cm, and 11.2 cm sl in p-type
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Si with resistivity of 2 Q cm is reported [104]. In the case of industrial grade SiOx/SiNy : H

1 1

stack, the best reported Segr is 8.15 cm s™" on n-type Si with resistivity 1.5 Q cm, and 35 cm s~

in p-type Si with resistivity of 1.5Q cm [105].

2.3.4.3 Hydrogenated amorphous silicon passivation

Hydrogenated amorphous silicon amorphous silicon a—Si : H films are used in heterojunction
solar cells [106]. The disadvantage of a—Si : H films is the unwanted parasitic absorption and
low thermal stability. This can be prevented by adding a capping layer of SiOx/SiNy : H stack
[107]. The field effect properties of such layers can be further improved by utilizing corona
discharge [108, 109]. The best reported value S for dielectric stack of a—Si : H/ SiOx/SiNy
with corona discharge is 0.086 cm s in n-type Si with resistivity 1.7 © cm and thickness 300
um [108] and 0.06 cm slin1Qcm n-type Si of thickness 200 wm [109]. The a—Si : H films
deposited by the PECVD process have certain advantages over the other passivation schemes:
The a—Si: H film deposited by the PECVD process is rich in hydrogen, thereby passivating
the interfacial defects and the defect in the bulk. The energy band structure at the a—Siy : H/Si
interface creates a step in the valance band and conduction band, which causes a larger barrier

for holes than for electrons [110].

2.3.4.4 Aluminium oxide dielectric passivation

Exceptional surface passivation of Si can be obtained using an atomic layer deposited (ALD)
aluminum oxide (AlOy) dielectric layer. The passivation scheme requires 350 °C to 450 °C
annealing for 10 to 30 min in an inert or forming gas environment to improve its effective-
ness [62]. The dielectric film contains fixed negative charges and provides better field-effect
passivation for p-type surfaces [111]. Hoex et al. reported Sefr of 2 cm s and 10 cm s7! re-
spectively in low resistivity n-type and p-type Si passivated with AlOx films deposited by ALD
[80]. The best results for AlOx passivation film are Sq¢ of 0.26 and 0.95 cm s respectively,
for n-type and p-type Si of resistivity 1.0 Q cm by Richter et al. [62] using plasma enhanced
ALD. Because of the slow deposition process of the ALD technique, PECVD AlOx deposition
is more suited for industrial cell production. An additional capping layer using PECVD SiNy or
SiOx layer provides improved anti-reflection properties, hydrogenation, and thermal stability of

the underlying thin AlOx layer during metallization. During the firing process, hydrogenation

of the AlOx layer improves the dielectric stack’s chemical and field-effect passivation quality
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[112]. Using the inline PECVD technique, Duttagupta et al. [113] reported S of 1.4 cm s
in 3 Q cm n-type Si, and 15 cm s in 3.5Q cm p-type Si. The atmospheric pressure chemical
vapor deposition technique is also used for AlOx deposition for higher throughput for industrial
applications [114]. S of less than 2.0 cm sTon1.2Qcm n-type Si, and less than 3 cm s
on 1.35 Q cm p-type Si are reported using inline manufacturing technique by Black et al.[114]

The analysis of various surface passivation methods indicates that surface recombination

can be significantly decreased to a value less than 10 cms™! by utilizing commercially feasible

dielectric stack passivation techniques in both p-type and n-type Si wafers.

2.3.5 Effective lifetime of charge carriers

The recombination of charge carriers occurring at different regions of the semiconductor device
simultaneously through various physical mechanisms is discussed in the previous subsection.
The net recombination rate is determined by individual recombination mechanisms such as
radiative recombination (Rp,q), Auger recombination (Raye), and SRH recombination at the
surface (Rg) and within the bulk (Rg). Hence, the effective lifetime of charge carriers Tqg can

be mathematically represented as [56]

L ! + ! + ! +i (2.40)

Teff TRad TAug TSRH TS

Figure 2.7 shows the variation in Teff, Trad, TAug and Tsry as a function of An in a well
passivated p-type Si wafer with doping concentration of 1016 ¢cm™3 and defect level located at
the mid of band gap at T = 300 K. The sample’s defect density is assumed to be 10!2 cm=.
Parameterization used in the radiative and Auger recombination simulation is based on the
model described in subsections 2.3.1 and 2.3.2. Being an indirect bandgap material, radiative
recombination is not a limiting factor of the lifetime of charge carriers in Si devices ( %ad is
negligible in comparison with other recombination mechanisms. It is clear from Figure 2.7
that the effective lifetime at injection levels less than the doping concentration is limited by the
SRH recombination. However, at a higher level of injection condition greater than 1017 em™3,
the Auger recombination process limits the effective lifetime. In the case of solar cells, under
normal operating conditions with one sun illumination, the injection condition will be close to

1015 cm™3. Under the stated condition, SRH recombination will be the performance-limiting

recombination in many device realizations, as indicated in Figure 2.7. The detailed analysis of
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Figure 2.7: Variation effective lifetime, radiative lifetime, Auger recombination, and SRH life-
time as a function of excess carrier density in p-type Si material with defect level located at the
mid of band gap.

defect-related lifetime degradation in silicon devices is discussed in section 2.4.

2.4 Detailed analysis of defect-related lifetime degradation
using simulation

According to SRH statistics [74], the recombination characteristics depend on the electrical
properties of the defects, such as defect energy level and capture cross-section of the defect for
the electrons and holes. It also depends on the defect concentration, doping concentration, and
injection conditions. A detailed analysis of variation in lifetime characteristics based on the
electrical properties of the defect, doping concentration, and injection conditions is done using

MATLAB simulation.

2.4.1 Effect of defect parameters and doping concentration

When the defect level is at the center of the bandgap at energy E;, the probability of electron
capture or electron emission and hole capture or hole emission are the same. For deep defect
levels, SRH density terms defined in Eq.2.26 become p; = ny = n;. Then Tgry jow = Tn, under

low level injection condition. Hence, for such defects, SRH lifetime equals the minority capture
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Figure 2.8: Variation in SRH lifetime of p-type samples as a function of defect energy level for
different doping concentrations keeping Q fixed.

time constant, determined only by the oy, and N. It is independent of the doping concentration
and ratio of capture cross sections of electrons and holes. This indicates that the defects with
energy levels close to mid-gap are the most dominant recombination centers, as evident from
Figure 2.8. The defects in the lower and upper half of the band gap, which have the same energy
distance from the mid-gap, show the same effectiveness for recombination. For shallow defects
with energy levels, several kT away from mid-gap only contribute to recombination for high
doping concentrations. SRH lifetimes are strongly doping-dependent, as indicated in Figure
2.8.

For a shallow defect closer to the conduction band edge, the probability of electron capture or

electron emission from or to the conduction band is more than hole capture or hole emission
TSRHjow __

no -
1+QB—(1). The lifetime is limited by doping concentration and ratio of capture cross-section,

from or to the valance band, p; « nj and py « ny. Then the normalized SRH lifetime

as depicted in Figure 2.9. For an intermediate defect level between the shallow defect level
and the mid-band gap, the probability of electron capture or electron emission from or to the
conduction band is more than hole capture or hole emission from or to the valance band, p,
« ny. However, the doping concentration becomes comparable with the SRH defect density
term n;. Hence, the normalized SRH lifetime is limited only by the capture cross-section ratio.
For asymmetrical cross sections, a higher capture cross section for holes (Q<1) increases the

recombination activity due to an increase in the capture probability of holes from the valance
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Figure 2.9: Variation in SRH lifetime of p-type samples as a function doping concentration for
different defect energy levels keeping Q fixed.

band [115], which is evident in Figure 2.10. Therefore, SRH lifetime will be smaller for smaller

Q values [115]. For symmetrical capture cross section (Q=1) when the defect energy level lies
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Figure 2.10: Variation in SRH lifetime of p-type samples as a function doping concentration for
Q=0.1, Q=1 and Q=10 keeping energy level fixed at ET = Ey +0.8eV.

in between Ec and E;, then SRH lifetime can be approximated as Tsry jow = 27Tn,,- This indicates
that the recombination activity is reduced by half compared with the recombination rate of deep-
level defect when the defect level lies in the upper band gap. When the defect level is closer
to the edge of the valance band, the probability of hole capture/emission from/to the valance

band is more than the probability of electron capture/emission from or to the conduction band,
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T . . .
n; « p; and po« p;. Hence % =1+ g—(l). Here also, the normalized SRH recombination

activity strongly depends on the doping concentration and is independent of Q. However, for

an intermediate defect in the lower band gap of the material n| « p; and the doping density pg

TSRH,low
Tno

the recombination rate is reduced by half concerning the recombination rate of the deep-level

becomes comparable with p;. Therefore, the normalized SRH lifetime =2. Here also,

defect. The variation in normalized SRH lifetime under low-level injection depending upon the

position of defect energy level is summarized in Table 2.1[115]

Table 2.1: The normalized SRH lifetime under low-level injection based on the position of
defect energy level.

Position of defect in the Energy band | Relative densities of | normalized SRH
gap n; and p; in compar- | lifetime TSR%%
ison with p
Deep defect Level ET — E; p; =Ny =n; << P 1
Shallow defect level ET — Ec P1 <<Ppp << nj 1+ Qg—(l)
Shallow defect level ET — Evy n; <<pp<<pj 1+ g—(l)
Defect in the upper half of band gap | p; <<pg ~ n; 1+QM=1+Q
Po

between deep and shallow defect level
Defect in the lower half of band gap | n; <<py~p; 1+8=2

Po
between deep and shallow defect level

2.4.2 Effect of injection level on SRH recombination activity

The injection dependency of SRH recombination is described using the normalized injection

An
np+po

carrier density. However, under high-level injection, SRH lifetime is limited to the sum of the

level [115]. SRH lifetime under low-level injection conditions is independent of excess
capture time constants of electrons and holes as in Eq.2.32. For intermediate injection con-
ditions, the injection-dependent SRH characteristics differ depending upon defect parameters
such as the position of defect energy level and capture cross-section. According to Rein et al.
[115], for deep levels and all defects in the upper half of the band gap, SRH lifetime increases
with injection level if n| < pg as depicted in Figure 2.11. However, the SRH lifetime decreases
with injection density for shallow defects near the conduction band edge. For shallow defects
closer to the conduction band edge, n; >> pg for all injection conditions. As the electron con-
centration at the defect level increases with the injection level, the SRH recombination rate
increases and the lifetime decreases [115]. For defects with the same energy level ET, the in-

jection dependence of the SRH lifetime is stronger for higher Q as shown in Figure 2.12. This
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Figure 2.11: Variation in SRH lifetime in a p-type sample as a function of normalized injection
level for different defect energy levels keeping Q fixed.

is because of the increased probability of hole capture by the defect level [115],
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Figure 2.12: Variation in SRH lifetime in a p-type sample as a function of normalized injection
level for Q = 0.1, Q=1 and Q=10 keeping energy level fixed at ET = Ey +0.6 eV.
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2.5 Conclusion

Various physical mechanisms associated with the recombination of charge carriers in silicon
solar cell devices are described in this chapter. It includes radiative recombination, Auger re-
combination, and SRH recombination at the surface and bulk. Being an indirect band gap
material, radiative recombination is relatively very low in Si devices. Auger recombination is
dominant in the heavily diffused emitter region. However, the thickness of the Auger dominant
emitter region is too small compared to the bulk. The study of different surface passivation
techniques points out that the recombination at the surface can be effectively reduced to some
extent by employing industrially viable dielectric stack passivation techniques. Therefore, in
well-passivated Si devices, defect-assisted SRH recombination is the dominant recombination

mechanism.
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Chapter 3

SRH recombination characteristics

of defects in Si solar cells

The efficiency of c-Si solar cells with the best surface passivation techniques is limited because
of the recombination of charge carriers within the bulk of crystalline silicon. The dominant
defect-assisted recombination in the bulk of solar cells is characterized by the position of the
defect energy level in the band gap of Si, the ability of the defect to capture the charge carriers,
and the defect concentration. This chapter delves into the characteristics of different defects that
can emerge in solar cells from the material used for fabricating Si wafers and the manufacturing
processes of solar cells. These defects can undergo structural transformation on exposure to

light and heat during normal operation of the solar cells under field conditions.

3.1 Recombination properties of defects in Si wafers

The silicon wafers used in the photovoltaic industry exhibit various defects originating from
different sources. Some of these defects in silicon material trace their origins back to the
use of metallurgical grade silicon for producing cost-effective multicrystalline wafers. The
multicrystalline Si wafers contain metallic defects such as Fe, Cu, Ni, Ti, etc. [3, 4]. Con-
versely, oxygen-related anomalies are incorporated into monocrystalline wafers during their
crystal growth process [4, 116]. Moreover, additional defects emerge during the various fabri-
cation stages of solar cells. These process-induced defects encompass defects related to H, O,

Cu, and Ni. Hydrogen-related defects, for instance, are generated during the post-deposition
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firing of dielectric films utilizing the PECVD technique [19, 27, 31]. Oxygen defects may in-
filtrate the silicon during the POClj diffusion process. Copper and nickel defects, on the other
hand, are introduced during the contact formation process in solar cell fabrication [10, 11]. Im-
portantly, many of these defects exhibit light-sensitive properties and undergo changes in their
characteristics when exposed to light and heat. Consequently, the recombination behavior of
the PV device varies depending on outdoor operating conditions. This section of the chapter

delves into the electrical properties of these defects.

3.1.1 Iron related defects in Si

Iron (Fe) stands out as a prominent impurity, particularly in multicrystalline silicon solar cells
employed for photovoltaic applications. Fe is classified as a transition metal with moderately
rapid diffusion characteristics. In silicon, Fe manifests itself either in its elemental state or in
the form of precipitates. When present in its elemental form, Fe contributes to a reduction in the
device’s carrier lifetime. Conversely, when it forms precipitates, it leads to an increase in leak-
age current and a decrease in breakdown resistance. Fe occupies interstitial sites (Fe;) within
the silicon lattice and exhibits the properties of an electron donor. In p-type silicon, Fe; causes
notable recombination activity. It interacts with dopants present in p-type silicon, forming a
complex known as the Iron-Boron (FeB) pair [3]. Both Fe; and FeB coexist at room tempera-
ture and dissociate under illumination [117]. Upon carrier injection resulting from illumination
or heating, the FeB pair dissociates, and they recombine when placed in dark conditions. It is
worth noting that the recombination properties of Fe and the FeB complexes differ. Table 3.1.

illustrates the defect levels introduced by Fe; and FeB [68].

Table 3.1: Recombination properties of Fe defects in Si [68].

Defect type Energy Capture cross sections (cm?)
level (eV)
Op On
Fe; Donor Ev+038 7.0x10717 40x10714
FeB Donor Ev+0.10 20x10714 40x1013
FeB Acceptor  Ec—-027  20x10°P 1.6x1071

The defect levels attributed to Fe defects are positioned near the mid-gap of the energy band
diagram, rendering them potent recombination centers. Comparing the recombination activity

between Fe; and the FeB complex, Table 3.1 provides clear evidence that Fe; exhibits greater
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recombination activity. Consequently, silicon devices contaminated with Fe will experience

more pronounced degradation when exposed to light and heat.

3.1.2 Copper related defects in Si

Copper (Cu) is also a transition metal with relatively high solubility and diffusivity in silicon,
even at room temperature. It is also sensitive to light and causes light-induced degradation,
commonly called Cu-LID. Copper occupies substitutional sites (Cug) and diffuses as intersti-
tial (Cu;). It can also forms complex Cu pairs like CugCug , CugCu; and CujSi in silicon [5].
The complex Cuj3Si is formed when exposed to light [118]. Silicon wafers can be contam-
inated with Cu during multiwire wafer sawing [119], chemical etching process [120], or Cu
interconnects[10, 11]. Cu interconnects are used to improve conductivity and reduce the cost
of silicon solar cells [10]. Even though the contamination from these sources occurs on the
surface, it can easily diffuse into the bulk because of the high diffusivity of Cu, even at room
temperature. The Cu defects will cause a reduction in the bulk lifetime of minority carriers
by forming Cu precipitate and substitutional Cu. Cu complexes dissociate upon illumination
or slightly elevated temperature and cause Cu LID. Cu-LID is observed in all types of silicon
devices such as boron-doped mc-Si [118], boron-doped Cz [121], boron-doped FZ-Si [122],
and phosphorous-doped FZ-Si [123]. Ramappa et al. [121] suggested that CuLID is due to
the dissociation of Cu; —Cug complex and the subsequent transformation of Cu; into Cug. The
extended substitutional defects possess an energy level of Ey +0.44 with a hole capture coef-
ficient of 4% 1071%cm™2. Sachdeva et al. observed that n-type silicon samples are also prone
to Cu-LID and proposed that the degradation is due to the formation of Cu precipitate [123].
The growth of precipitate is hindered in p-type due to a reduction in diffusivity by repulsion
of Cui+ by positively charged holes, resulting in out-diffusion and formation of Cui+ B~ com-
plex. Vainola et al. [124] observed that high-intensity light reduces the electrostatic repulsion
between positively charged interstitial copper ions and copper precipitates. This enables copper
to precipitate in the wafer bulk even at a low concentration level. In addition to that, the oxygen
precipitates provide effective heterogeneous nucleation sites for Cu. Cus;Si precipitate inside
the bulk Si in a spherical shape, creating a band of energy levels from 0.1 to 0.4 eV below the
conduction band edge [3]. Table 3.2 shows the energy level associated with Cu-related defects
in Si [3, 125, 126].

The copper contamination in p-type Si samples can be eliminated by promoting the out-
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Table 3.2: Recombination properties of Cu defects in Si [3, 125, 126].

Defect Type Energy level (eV) Capture cross sections (cm?)
Op On
Cuy; Acceptor Ec—(0.15....0.20)
CusSi Acceptor Ec—(0.15....0.20) 3% 10716
Ec—(0.40....0.58)
Cug Acceptor Ey + (0.41....046)  1.5x 10714

Ev +(0.20....0.23) 3.0x 10714
CusCus; Acceptor Ey +0.07

diffusion of Cu towards its surface. Fast-moving Cu;r experiences electrostatic repulsion from
positively charged holes. So, it diffuses from the bulk towards the surface and forms a haze at
the surface [127]. The out-diffusion of Cui+ can be enhanced by negative charge at the surface
created by both corona charging and dielectric layer film deposition such as Al, 03, SiO; [128].
It can also be promoted by annealing by increasing the temperature to 400°C. The Cui+ haze

developed on the top can be removed by the etching process [128].

3.1.3 Nickel related defects in Si

Nickel (Ni) is used as a diffusion barrier to prevent Cu’s diffusion into silicon from metal inter-
connects [129]. It also helps to reduce the contact resistance of Cu metallization in solar cells
by forming nickel silicide (NiSip) at the interface. However, it causes performance degradation
in Si solar cells [130]. Electrically active Ni in Si acts as an acceptor and occupies substitu-
tional sites. Ni diffuses by dissociative mechanism; the substitutional Ni (Nig) dissociates into
an interstitial Ni (Ni;) and a vacancy [131]. Like Cu, Ni is also a fast diffusing metal, even
at low temperatures, with low solid solubility [132]. Ni is first diffused in the bulk and then
segregated at the wafer surface because of relatively less solubility in Si. Most Ni forms pre-
cipitate at the wafer surface during the cooling period, and only a small portion remains in the
bulk. It can also precipitate at the lattice defects within the crystal. Ni reacts with Si and forms
nickel silicide complexes Ni,Si, NiSi, NiSip, depending on the temperature conditions [133].
The nickel-related defects in Si cause both FF loss and recombination losses in Si solar cells

[134, 135]. Table 3.3 shows the energy level associated with Ni defects in Si [3, 133, 135].
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Table 3.3: Recombination properties of Ni in Si [3, 133, 135].

Defect Type Energy level (eV) Capture cross sections (cm?)
Op On
Nig  Double Ac- Ec—0.07 54x10718
ceptor
Nig  Acceptor  Ec—0.40+0.03 8.0+£57x10717 56x10717
Nis  Donor Evy +0.19 £0.06 1.1x 10715 3.9x 10712
NiSi, Acceptor  Ey+0.42 +0.06 5.0 x1071 5x10714

3.1.4 Oxygen related defect in Si

Oxygen related defects are one major concern in the Si PV industry. Nowadays, 80% of the sili-
con semiconductor industry uses c-Si wafers grown by the Cz process due to high crystal purity
and fewer crystal defects. During crystal growth, oxygen from the quartz crucible holding the
molten Si dissolves into the molten silicon. The dissolved oxygen is diffused throughout the
Si crystal. Dissolved oxygen concentration is in the range of about 5 x 1017 to 2 x 1018cm3.
Oxygen atoms are mobile when the temperature is above 300°C. Oxygen in silicon forms small
electrically active agglomerates known as thermal donors (TD) upon heat treatment in the range
of 300°C to 500°C [136-138]. The formation rate of TDs depends on the fourth power of oxy-
gen concentration, indicating that TDs are agglomerate of four oxygen atoms [137]. However,
TDs can be eradicated at temperatures above 550°C due to the small binding energies of about
0.5 eV to 0.8 eV, depending on the number of oxygen atoms in the clusters. Oxygen TDs can
act as recombination centers by introducing deep energy levels 0.2 eV to 0.3 eV below the con-
duction band [139]. Oxygen atoms can precipitate at dislocations within the Si at temperatures
above 600°C. These precipitates act as intrinsic gettering centers for metallic impurities and

recombination centers of charge carriers. The recombination properties of oxide precipitate are

specified in Table 3.4 [140].

Table 3.4: Recombination properties of oxide precipitate in Si [140].

Defect Energy level (eV) Capture cross sec-
tion ratio (Q)
TD Ey +0.22 157
E-0.08 8.33 x107*
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3.1.4.1 Boron-Oxygen complex

Performance degradation is observed in p-type Cz-grown silicon samples contaminated with
oxygen on exposure to light [141-144]. The light-induced degradation is observed to increase
with increasing boron and oxygen concentrations [144], so it is inferred that the degradation is
due to the formation of boron-oxygen (BO) complex. The BO complex introduces defects in
the silicon crystal, which acts as strong recombination centers. Two different BO recombina-
tion centers are found to be activated on exposure to light or forward bias [145]. One is called
Fast Recombination Centre (FRC), which takes a few seconds to minutes to form. The other
is called Slow Recombination Centres (SRC), the formation of which takes a few hours. SRC
has a greater impact on device performance than FRC since FRC is observed only for a short
time. Various defect models proposed for the boron-oxygen-related degradation in solar cells
are discussed below.

Bothe et al. [142] studied the relation between defect concentration N%, substitutional boron
concentration (Bg), and interstitial oxygen concentration (O;) and found that NikF increases pro-
portionally with (Bs) and quadratically with (O;). They proposed an oxygen-dimer model for
the defect reaction, where small oxygen agglomerates, especially the oxygen dimer Oy;, are ex-
tremely mobile. The immobile substitutional boron atoms catch O; dimers to form BgO,; com-
plex, which acts as a recombination center. As the tetrahedral covalent radius of boron atoms is
smaller than that of silicon atoms, the O,; tends to be accommodated near the atom. The defect
formation is a thermally activated process as it is controlled by the diffusion of O,;. Bothe et
al. also suggest that B;VO,; as another possible structure for the metastable complex, where the
boron gets shifted to an interstitial space during reaction with O»; creating a vacancy. The role of
illumination is inferred to be in increasing diffusivity of O,; through a recombination-enhanced
diffusion process. The dependence of BO defect concentration on substitutional boron concen-
tration and interstitial oxygen concentration for samples doped only with boron proposed by
Bothe et al. [142]. However, data from p-type silicon co-doped with phosphorus reveal the
dependence on hole concentration p rather than boron concentration [146]. Hence, Voronokov
et al. argue that the major degrading center SRC cannot be identified with a BsO, complex.
Instead, they suggested a defect configuration, a complex formed with interstitial boron and
oxygen [146]. Oxygen precipitates nucleate at around 700°C during crystal cooling, emitting
self-interstitial and pushing some of the boron atoms into the interstitial state (B;). When the

temperature is lower, most Bi precipitates as Bi clusters. B; atoms migrate and form complexes
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such as B;0,, B;0 and B;Bs. These will be in equilibrium with dissolved B;. Below-freezing
temperature exchange between boron clusters and dissolved boron stops, and the frozen in B;O,
is considered a Latent Complex (LC). Degradation occurs when LC becomes a recombination
active center. There can be two configurations for the single positive B;O, defect, which can
be identified with LC and SRC. In the dark, the free energy is minimal for LC. In the presence
of excess electrons when subjected to light and heat, the charge state of the defect changes, and
it moves from +1 state to neutral state. In the neutral state, SRC is at the lowest minimum free
energy. As all LC is completely transformed, the SRC inherits its dependence on LC, which
explains the dependence of SRC on the product of hole concentration and squared oxygen con-
centration. The nature of FRC needs to be clarified, but studies suggest that FRC can be thought
of as another configuration of the same defect created by the transformation of LC through a
different path. Oxygen has two different roles in the degradation in this model: one in produc-
ing oxygen dimers and the second in producing self-interstitial.

Voronokov et al. [147] reported the results of one more study in 2011, where they used n-type
Cz-Si co-doped with phosphorus and boron. The recombination center was found to be iden-
tical to FRC. As the rate of FRC generation is proportional to squared hole concentration, the
time scale is considerably longer in n-Si. Only FRC was generated within illumination time
as the time scale for SRC becomes enormously long. FRC is identified to be a BsO, complex
involving substitutional boron and an oxygen dimer, unlike the SRC, which is dominant in p-Si.
FRC was found to exist in three charge states having two energy levels. Both energy levels con-
tribute to recombination in n-Si, but only the donor level is significant in p-Si. The generation
process is suggested to be a reconstruction from an LC into FRC through an intermediate con-
figuration. The saturated FRC concentration is reportedly independent of the majority carrier

concentration in n-Si [147].

Recent studies of BO defect using injection-dependent lifetime analysis and advanced SRH
statistics identified that FRC and SRC are characterized by two defect levels in the band gap
and four capture coefficients [70, 148]. The observed defect energy levels and capture coeffi-
cients are given in Table 3.5.

The defect levels introduced by the BO complex are close to the mid-band gap in silicon,
which acts as strong recombination centers. Hence, the BO complex formed on exposure to
light acts as a lifetime killer of charge carriers.

The lifetime degradation due to BO defect can be recovered temporarily by annealing by in-
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Table 3.5: Recombination properties BO defect in Si [70, 148].

Si-type Defect type Defect energy level Capture cross
(eV) section ratio (Q)
p-type SRC Donor Ec-(0.41+0.02) 10£1

Ev+(0.26 £0.02) >2I5

Ec-(0.65+0.25) 100+ 10

Compensated  FRC Donor Ec-(0.34+ 0.02) 18.1

n-type
FRC Acceptor Ev+(0.31+£ 0.02) 85.7

creasing temperature to 200°C [149, 150]. It is due to the dissociation of the BO complex.
However, the defect will reappear when the Si sample is returned to the room condition, show-

ing a metastable behavior. Hydrogenation of Si samples also helps to passivate the BO defects

[151].

3.2 Mitigation of SRH defects

Hydrogenation is an industrial technique for passivating bulk defects in multicrystalline and
monocrystalline silicon solar cells. In multicrystalline cells, hydrogenation helps to reduce the
recombination activity of grain boundary defects, dislocation clusters, and transition metal im-
purities. In monocrystalline solar cells, hydrogenation reduces the recombination activity of

bulk defects by passivating BO defects and oxide precipitate [152, 153]. Various methods are

720
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670
660
650

Figure 3.1: iVgc maps calibrated at one sun of a diffused multi-crystalline silicon wafer; (a)
after the deposition of PECVD SiNx: H and (b) after the subsequent belt furnace firing process
[152].

used for hydrogen passivation, including hydrogen diffusion from the dielectric layer, form-
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ing gas annealing, hydrogen plasma treatment, and hydrogen ion implantation. The commonly
used method in the Si PV industry for hydrogenation is PECVD deposition of dielectric layers
SiNx : H and AlOyx : H followed by rapid thermal annealing. The anti-reflection cum passiva-
tion layer in Si solar cells deposited by the PECVD method is rich in hydrogen. The co-firing
process after metallization helps to release hydrogen from the PECVD dielectric film and fur-
ther enables the diffusion of atomic hydrogen into the bulk silicon material. Depending upon
the charge, the mono-atomic hydrogen interacts with the impurities and helps to passivate the
bulk defects. Hydrogenation occurs unintentionally in all PECVD passivated solar cells during
the co-firing process. Hydrogen passivation of defects within Si increases the effective minority
carrier lifetime. A relative increase in efficiency of about 10 to 15% is reported in solar cells
after hydrogenation [152]. The improvement in implied open circuit voltage (iVoc), which
is a direct measure of the lifetime of a diffused SiNy : H passivated multi-crystalline after the
co-firing process, is shown in Figure 3.1 [152]. It is clear from Figure 3.1 that the deposition
of PECVD SiNx : H alone will not be effective for passivating defects at the grain boundaries.
However, after the co-firing process, iVoc increases throughout the sample structure within
grain and grain boundaries as observed in studies by Hallam et al. [152]. b. An increase in
1V observed indicates a defect concentration reduction during the co-firing process due to

hydrogen passivation. The diffusion of hydrogen into the bulk of multicrystalline silicon sam-
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Figure 3.2: Defect concentration in SiNy passivated samples with different SiH, : NH3 ratios
during deposition process [149].
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ples can also contribute to the passivation of the metallic defects. Diffusing hydrogen atoms can
form complexes with transition metals during the firing process, thereby reducing the recombi-
nation activity of the interstitial transition metal defects. The effect of hydrogen on interstitial
iron concentration in p-type multicrystalline silicon was studied by Karzel et al. [154]. Their
studies show a five-fold decrease in average interstitial iron concentration observed in p-type
multicrystalline samples with hydrogenation after dissociation of the FeB complex [154]. The
decrease in average interstitial iron concentration before and after hydrogenation is shown in
Figure 3.2. Studies also reveal that the cooling after the firing process does not affect the defect
passivation by hydrogenation, as seen in Figure 3.2 [149]. Wilking et al. [151] studied the
variation of BO defect concentration in Cz-grown crystalline silicon samples passivated with
hydrogen-rich dielectric layer SiNyx : H. Their experimental results show that passivation with
SiNx : H and Al,O3 can reduce the BO defect density in a p-type silicon sample under ele-
vated temperature, as shown in Figure 3.3. The passivation layer can release hydrogen during
high-temperature processing, and it helps to reduce defects’ recombination activity. Studies on
the change in defect concentration as a function of Al,O3 thickness in samples passivated with
stacks of AlO3 and SiNy : H layer reveals that the thicker Al,O3 layer presents a higher the
barrier for the diffusion of atomic hydrogen and poor passivation of bulk defects. The lowest

defect concentration is obtained when the thickness of the Al,O3 layer is small, as shown in

Figure 3.4.
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Figure 3.3: Variation of defect concentration as a function of time in SiNy : H passivated sam-
ples with different SiH4 : NHj ratios before and after the firing process [149].

Even though hydrogen diffusion during the solar cell manufacturing process helps to pas-
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Figure 3.4: Variation in defect concentration with annealing time in Si samples passivated with
a dielectric stack of Al,O3/SiNx : H [149].

sivate the silicon’s defects, it can introduce a strong hydrogen-related recombination center in

Si.

3.3 Hydrogen-related defects in Si

The recombination characteristics of hydrogen-related defects rely on the charge state of hy-
drogen, which is determined by the position of the Fermi level within the Si device [25]. Ad-
ditionally, it hinges on hydrogen’s ability to function as a dopant. Hydrogen in silicon exhibits
amphoteric behavior, meaning it can act as either a donor or an acceptor. In p-type materials,
where holes are prevalent, hydrogen donates its electron, stabilizing itself in the positive charge
state as HT. The H ions can then associate with acceptor impurities within the silicon. Con-
versely, in n-type materials with an abundance of electrons, the favored charge state for hydro-
gen is H™, allowing it to interact with positively charged acceptors. This duality demonstrates
that hydrogen defects in silicon can modify the material’s conductivity through counterdoping.
The neutral state HO is relatively unstable in silicon and rapidly transitions to either HY or H~
form.

According to Wenham’s theory of hydrogen induced recombination (HIR), recombination events
occur during the transition of hydrogen’s charge state, shifting from H™ to HO state by loss of an
electron and from H to H* by capturing a hole [25]. These charged hydrogen species introduce
energy levels, with the donor energy level positioned 0.16 eV below the conduction band and

the acceptor level residing 0.07 eV below the midgap. Because the donor energy level is situ-
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ated below the acceptor energy level, hydrogen is classified as a negative U defect [155]. The
formation of hydrogen induced structural defects, resulting from platelet formation in boron-
doped crystalline silicon, is attributed to the presence of both positively and negatively charged
hydrogen atoms, as documented in the literature [156]. Nickel et al. [156] have indicated that
platelet formation occurs when the Fermi level is positioned 0.3 eV below the conduction band
edge. As the platelet concentration increases to 2x10'7 cm™ the energy difference Ec and
Er decreases. All of the aforementioned findings underscore the influence of the Fermi level
on hydrogen-related defects, thus highlighting that recombination activity varies depending on
the type of dopants present. A summary of recombination properties, as determined through

injection-dependent spectroscopic methods, is presented in Table 3.6.

Table 3.6: Recombination properties of hydrogen-related defects in Si [157].

Type Defect level Capture Ref.
Cross sec-
tion ratio
Q)
p-type mc-Si -0.26 eV < ET-E; <0.24eV 28.5 [158]
-0.27 eV <ET-E; <0.13eV 26 -36 [159]
ET-E; =0.21 + 0.05 eV (Upper 49421 [159]
bandgap)
ET-E; =-0.32 £ 0.05 eV (Lower 56423 [160]
bandgap)
Etr-E; = 0.1 £ 0.07 eV (Upper 23.5£5.6 [161]
bandgap)
ET-E; =-0.21 £ 0.06 eV (Lower 23.9+5.5 [161]
bandgap)m
assumed ET =E; 334+ 1.5 [19]
assumed ET =E; 29+ 4 [162]
p-type CZ-Si assumed ET =E; 39+ 49 [19]
not stated 362 [163]
n-type Cz-Si assumed Et =E; 0.028+ [21]
0.003
Not stated 20+ 2 [164]
p-type FZ-Si assumed ET =E; 35 [165]
assumed ET =E; 20+ 7 [166]

A summary of recombination characteristics of light-sensitive defects in Si used for the solar

cell fabrication process is given in Table 3.7.
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Table 3.7: Summary of recombination characteristics of

light-sensitive defects in Si.

Defect Energy level (eV) Capture cross section
ratio (Q)
Fe;, Donor Eyv +0.38 571 [68]
FeB, Donor Eyv+0.10 20 [68]
FeB, Acceptor Ec--0.27 0.8 [68]
Cuy; Ec—(0.15....0.20) (3]
CujSi Ec—(0.15....0.20) on=3x 10716 (3]
Ec—(0.40....0.58)
Cus Ey+(0.41....0.46) op=1.5x10714 3]
Ey+(0.20....0.23) op=3x10714
CusCus; Ev +0.07 (3]
Nig, double ac- Ec--0.07 [3, 133, 135]
ceptor
Nig, Acceptor Ec-0.40+0.03 1.4+0.06 [3, 133, 135]
Nig, Acceptor Ey+0.19 £0.06 354 [3, 133, 135]
NiSi, Ev +0.42 £0.06 10 [3, 133, 135]
BO (p-type Cz Ec--(0.41+0.02) 10+1 [70]
Si)
Ev+(0.26 +0.02) >215 [70]
Ec—-(0.65+0.25) 100 £+ 10 [70]
BO  (Compen- Ec-(0.34+ 0.02) 18.1 [148]
sated n-type Cz
Si)
Ev+(0.31£ 0.02) 85.7 [148]
SiOx Ey+0.22 157 [140]
Ec- 0.08 8.33 x107% [140]
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H defects p-type

mc-Si

H defects p-type
CZ-Si

H defects n-type
Cz-Si

H defects p-type
FZ-Si

-0.26 eV < ET-E; < 0.24eV

-0.27 eV <Er-E; <0.13eV
Er-E; = 021 + 0.05 eV
(Upper bandgap)

ET-E; = -0.32 + 0.05 eV
(Lower bandgap)

Etr-E; =0.1 £ 0.07 eV (Up-
per bandgap)

ETr-E; = -0.21 + 0.06 eV
(Lower bandgap)

assumed ET = E;

assumed ET = E;

assumed ET =E;

not stated

assumed ET = E;

Not stated

assumed ET =E;

assumed E1 = E;

28.5

26 -36
49+21

56423

23.5+ 5.6

239+ 5.5

33.4+ 1.5[19]

29+ 4

39£4.9

362
0.028+ 0.003

20+ 2
35

207

[158]

[159]
[159]

[160]

[161]

[161]

[162]

[19]

[163]
[21]

[164]
[165]

[166]

Since most of the high-efficiency solar cell architectures utilize PECVD SiNyx : H passiva-
tion layers and p-type bulk, hydrogen and oxygen-related defects are very significant in today’s
PV industry. Even though the SRH defect characteristics are well studied by various research
groups, the exact nature, configuration, structure, and physical mechanisms of hydrogen and
oxygen-related defects are still unknown. Additionally, the reported energy levels of hydrogen-
related defects are inconsistent, as shown in Table 3.6. Most researchers have assumed deep
energy levels in the middle of the energy bandgap for their studies when analyzing defect char-
acteristics and have reported different values for capture cross-section ratios, particularly in

the case of n-type samples. An estimation of the capture cross-section ratio of defects in the
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PECVD SiNX : H passivated p-type and n-type samples after light soaking in normal ambient
conditions is addressed in subsection 6.2.4.

Experimental evidence supports the involvement of hydrogen in the recently reported degrada-
tion of Si solar cells under normal outdoor operating conditions at temperatures above 50°C,
even after the dissociation of BO defects. Due to the involvement of hydrogen, such degrada-
tion is referred to as hydrogen-induced degradation (HID) [25]. Since HID is prominent in Si
solar cells exposed to light and elevated temperatures, it is also known as light and elevated
temperature-induced degradation (LeTID) in Si solar cells . A detailed discussion of LeTID is

presented in Chapter 4.

3.4 Conclusion

The chapter examines the recombination characteristics associated with prevalent defects in
the silicon photovoltaic cells, including Fe, Cu, Ni, and O defects. Research findings indicate
that these defects exhibit significant recombination activity, with their defect levels positioned
near the mid-band gap. Furthermore, it is observed that exposure to light and heat can induce
alterations in the recombination properties of these defects. Research outcomes demonstrate
that surface recombination defects can be alleviated through hydrogenation, a process feasible
within the industry-standard PECVD dielectric deposition method. Even though the hydrogena-
tion may passivate some of the bulk defects, there are concerns about the hydrogen induced

defects.
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Chapter 4

Understanding of light and elevated
temperature-induced degradation

in silicon solar cells

Antireflection coatings play a pivotal role in photovoltaic cells, serving multiple functions: en-
hancing optical absorption, minimizing reflection losses, and reducing surface recombination.
Various methods are employed in the production of antireflection coatings. Among these, an-
tireflection coating deposited by PECVD SiNy : H has gained widespread acceptance in high-
efficiency solar cell designs within the silicon PV sector. The extensive adoption of PECVD
SiNx : H can be attributed to its exceptional attributes, which encompass outstanding light
transmission properties, superior surface passivation capabilities, the attainment of a surface
recombination velocity of less than 10 cm/s, strong thermal stability, and the ability to be
deposited at low temperatures. Additionally, it functions as a protective shield, safeguarding
the underlying silicon against external contaminants. In addition, the hydrogenation from the
PECVD dielectric SiNx : H during high-temperature treatment contributes to the passivation
of defects present in grain boundaries, metallic impurities, BO defects, and other dislocations
within the bulk silicon. However, it is crucial to highlight that monoatomic hydrogen, upon
diffusion into the bulk silicon, displays a high level of reactivity. It interacts with Si-Si bonds,
strained bonds residing within vacancies, and dopant atoms within the silicon lattice. Fur-

thermore, it can engage in self-interactions, creating passive defects such as Hy and hydrogen
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precipitates.

Several experimental findings validate that monoatomic hydrogen can impair the performance
of silicon solar cells and modules when exposed to typical outdoor operating conditions involv-
ing light and elevated temperatures. In the upcoming sections, we will provide an overview of
the degradation induced by light and elevated temperatures (LeTID) and explore its dependence

on the solar cell manufacturing process.

4.1 LeTID in Si solar cells

Since 2001, LID caused by boron-oxygen (BO) defects has been identified as the primary
performance-limiting factor in silicon solar cells when exposed to light. Initially, this prob-
lem was exclusively observed in boron-doped p-type Si wafers produced using the Cz process.
The degradation begins with an initial decrease in efficiency, followed by a swift recovery, con-
tingent upon the duration of light exposure and prevailing temperature conditions. However,
the formation of BO defects can be mitigated through processes such as hydrogenation and el-
evating the temperature within the range of 55°C to 70°C. This temperature range corresponds
to the outdoor operating conditions of Si solar modules.

In 2012, Ramspeck et al. reported performance degradation in oxygen-free multicrystalline
solar cells under typical outdoor conditions [167]. However, the term "Light and elevated
Temperature Induced Degradation" was coined by Kersten et al. in 2015 [15]. LeTID is a
carrier-induced degradation (CID) because the degradation kinetics depend on the excess car-
riers generated in the samples due to external excitation from light, heat, and applied voltage.
As it was initially observed in multicrystalline cells, LeTID is also referred to as mc-CID. Ex-
perimental evidence supports the idea that hydrogen released from the PECVD dielectric layer
plays a significant role in the degradation mechanism, either as a defect or a precursor to the
defect. Therefore, Wenham et al. introduced the term "Hydrogen-induced degradation" (HID)
[25].

LeTID emerged as a substantial concern within the solar industry, given that over 60% of the Si
PV market depended on multicrystalline cells. Further investigations into LeTID unveiled that
lifetime degradation occurs in Si wafers grown through both the float zone and Cz processes,
irrespective of doping conditions or crystal orientation. In contrast to BO LID observed in

Cz-grown wafers, the manifestation of LeTID and its recovery in solar modules necessitates a
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more prolonged exposure under normal operating temperature conditions. It remains uncertain
whether the modules will fully recuperate from this degradation throughout their entire opera-
tional lifespan. Additionally, the behavior of LeTID and subsequent degradation is influenced
by all the manufacturing processes involved in solar cell production, leading to variations in
LeTID behavior based on the specific solar cell architecture.

Several research teams have conducted extensive investigations into the effects of LeTID on
silicon wafers, solar cells, and modules. These investigations have provided insights into how
elevated temperatures affect the degradation induced by light, unveiling a unique pattern char-
acterized by an initial gradual deterioration phase, succeeded by a subsequent and compara-
tively more rapid phase of recovery. The extent of degradation and the subsequent regeneration
process vary considerably depending on the specific fabrication processes employed for the
samples and the conditions of excitation. Petter et al. [17] noted a decline in efficiency, with
multicrystalline Si PERC solar cells showing a maximum decrease of as much as 16%. In
contrast, modules consisting of multicrystalline Si PERC cells exhibited a more modest 7%
decrease in efficiency over a three-year period [15]. Studies indicate LeTID-related defect for-
mation and regeneration are much slower than BO LID. Hence, several decades are required
to reach maximum degradation and complete regeneration of electrical behavior under field
conditions. Through the application of various supplementary processing measures intended to
reduce the impact of LeTID in practical operating conditions, the maximum extent of LeTID

has been lowered to less than 5% for silicon solar cells produced after the year 2018 [37].

4.2 Factors influencing LeTID

Empirical findings from diverse research teams demonstrate that each step involved in the fabri-
cation of solar cells affects the extent of LeTID and the subsequent regeneration characteristics.
Investigations have specifically delved into the influence of processes such as the firing step
[19, 27, 31, 32], SiNx : H film deposition [29, 33-35] and emitter diffusion [30] on LeTID.
The research indicates that LeTID tends to be more pronounced in silicon samples when peak
firing temperatures exceed 700°C [19, 27, 31, 32]. Several research groups have demonstrated
a direct correlation between thickness and atomic bond (Si-H and N-H) density of SiNx : H
films [29, 33-35]. Meanwhile, Sen et al. [30] observed that the degradation and regeneration

behavior within both the bulk and the surface of silicon is influenced by the sheet resistance of
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the emitter. Their investigation indicated that emitters with high sheet resistance profiles exhibit
lower degradation in the bulk and higher degradation at the surface [30]. Similarly, Zuschlag et
al. [28] and Schmidt et al. [14] reported that non-gettered wafers are more prone to LeTID than

gettered samples.

4.2.1 Firing process parameters

The post-metallization firing process influences the degree of LeTID behavior, and it becomes
more pronounced as the peak firing temperature increases, as confirmed by multiple research
studies [27, 31, 32]. Figure 4.1 shows the effective lifetime degradation of p-type multicrys-
talline Si solar cell structures with and without the post-deposition firing process versus the light
soaking duration (left) and the maximum extent of degradation in partially processed multicrys-

talline solar cell structures as a function of peak firing temperatures (right) [32]. Research has
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Figure 4.1: Effective minority carrier lifetime of fired (415°C to 740°C) and non-fired (NF)
multicrystalline samples as a function of light soaking duration at 140°C, 44.8 kW m2 (left).
The maximum extent of degradation (black circles) and effective lifetime at the maximum
degradation (red squares) as a function of peak firing temperature (right) [32].

shown minimal to no degradation occurs when samples are not subjected to firing or when firing
temperatures remain below 600°C. The maximum degradation in lifetime varies with the peak
firing temperature, with higher peak temperatures resulting in increased degradation. Addition-
ally, even when the peak firing temperature remains constant, variations in the firing profile can
also impact LeTID behavior [27]. The commonly employed fast-firing profile (FFO) in indus-

trial solar cell production, represented by the solid black line in Figure 4.2, results in a higher
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density of defects in samples treated with rapid firing during post-metallization processes, im-
plying a more significant degree of degradation in such samples. Conversely, a firing profile

characterized by a relatively slow heating and cooling rate has a minimal influence on LeTID,

as depicted in Figure 4.2.
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Figure 4.2: (a) Measured temperature profiles of the firing processes. (b) Normalized defect
concentration as a function of degradation time averaged over the whole wafer area [27].

4.2.2 Dielectric film properties

In addition to the firing process, the properties of the dielectric film used for light trapping and
passivation also play a pivotal role in determining the extent of LeTID in solar cells. LeTID
behavior is observed only in samples passivated with hydrogen-rich dielectric layers deposited
by the PECVD technique [33, 36]. FTIR spectroscopic studies conducted by Vargas et al. [33]
correlated the extent of degradation with the amount of hydrogen diffused into the bulk from
the hydrogenated dielectric layer during the firing process. The PECVD process parameters and
operating conditions determining the dielectric film’s thickness and optical properties influence
the LeTID behavior. Varshney et al. investigated SiNy : H thickness variation and LeTID-
related defect generated using diffused p-type multicrystalline samples with the same refractive
index passivated with SiNx : H [34]. The optical properties of the SiNyx : H films used in their
study are given in Table 4.1 [34]. Figure 4.3 shows variation in LeTID-related defect density as
a function of dielectric film thickness [34]. The defect density is maximum when the dielectric
film thickness is maximum. Hence, lifetime degradation will be greater for samples with thick
SiNyx : H dielectric film. According to Varshnay et al. [34], defect density increases linearly

with dielectric film thickness. The higher defect density in thick SiNx : H film is due to the
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Table 4.1: SiNx : H dielectric film properties [34].

Sample Thickness Refractive Extinction
(nm) index Coefficient

SiNx : H-1x  50.1 2.02 1.01

SiNx :H-2x 1013 2.02 1.06

SiNx :H-3x 1494 2.02 1.01

SiNx : H-4x  201.1 2.02 0.97

release of more hydrogen into the bulk during the firing process.
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Figure 4.3: Variation in normalized defect density as a function of light soaking duration for
samples passivated with SiNx : H films with optical properties given Table 4.1 (left). Normal-
ized defect concentration as a function of SiNy : H (right) [34].

Bredemeier et al. [29] investigated the dependency of LeTID behavior on SiNy : H dielectric
film with varying refractive indices keeping thickness constant. The refractive index is varied
by changing the silicon-to-nitrogen ratios in the dielectric film. Figure 4.4 shows the effective
lifetime variation as a function of the film’s refractive index with a constant film thickness of
131 £ 5 nm. The corresponding variations in the atomic ratio of Si and N are shown at the
top of Figure 4.4. It is clear from the graph that samples passivated with low refractive index
films are less prone to LeTID degradation than those with higher refractive index. However, the
samples’ defect density and lifetime degradation are maximum when n is between 2.33 and 2.5
at 633 nm. The extent of LeTID is decreased with a further increase in n values above 2.5. At
the same time, the use of high-refractive SiNx : H films will deteriorate the surface passivation

quality.
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Figure 4.4: (a) Effective lifetime and (b) maximum effective defect density as a function of
refractive index n measured at a wavelength of 633 nm (lower axis) and the corresponding
silicon-to-nitrogen ratio (upper axis) of the silicon nitride layer keeping silicon nitride film
thickness constant [29].

4.2.3 Emitter diffusion profile

Sen et al. [30] investigated the dependency of LeTID behavior on the emitter diffusion profile.
Their studies reveal that surface degradation due to light and heat varies with surface phospho-
rous doping conditions. Figure 4.5 (a), (b), and (c) shows the variation in effective lifetime, nor-
malized defect density, and surface recombination current density as a function of light soaking
duration in diffused p-type multicrystalline samples passivated with SiO,/SiNx : H dielectric
film [30]. The emitter diffusion profile with sheet resistance values of 85 Q / [, 140Q / [,
240€Q / [, and > 870 Q / [J were used in their study. The graph shows an initial degradation
independent of the sheet resistance and doping profile variations. The second degradation de-
pends upon the doping profile. The trend followed by the degradation agrees with the surface
recombination current shown in Figure 4.5(c) and confirms that the second degradation during
light soaking is due to surface-related defects. During the initial degradation phase, no variation

in surface recombination current is observed during the light soaking duration. However, there
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is an increase in defect density, pointing out that the LeTID-related defects are not at the surface
but within the bulk. Surface degradation is higher in samples with lightly doped emitters and is
dominant only after a longer light soaking duration of about 60 h under elevated temperatures.
Longer light soaking duration under elevated temperatures promotes the diffusion of recombi-
nation active defects from the bulk toward the surface. It gets trapped there, which increases the

defect density at the surface.
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Figure 4.5: (a) Effective lifetime corresponds to An = 7.5 x 1014 cm~3as function of light soak-
ing duration, (b) normalized defect density of effective lifetime and (c) total emitter saturation
current density of double side diffused multicrystalline Si passivated with SiO,/ SiNx : H on
both sides [30].

4.2.4 Wafer thickness

Light-induced carrier lifetime degradation and regeneration at elevated temperatures in Si solar
cells structures vary depending upon sample thickness. Experiment results show that less degra-
dation and faster regeneration occur in thinner wafers than in thicker wafers [13, 168]. Figure
4.6 shows the defect density measured from lifetime data in a p-type multicrystalline sample

3 as a function of light soaking duration at an illumination intensity

measured at An = 101 cm™
of 1sun and a temperature of 75°C. The figure indicates that the extent of LeTID increases with
wafer thickness. Around six-fold increase in defect density is observed when the wafer thick-
ness is increased from 128 pm to 150 pm. Decreasing the silicon wafer’s thickness is expected
to accelerate the diffusion of impurities toward the surface from the bulk, which reduces bulk
degradation during LeTID [13]. Consistent with the research conducted by Bredemeier et al.

[13], Varshney et al. also noted a decrease in the degree of degradation as the thickness of

the wafer decreased [168]. The reduced level of degradation observed in thinner wafers may
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Figure 4.6: Effective defect density measured from lifetime data at An = 1 x 1015 cm™3 for
p-type multicrystalline samples with thickness varying from 128 pum to 159um versus light
soaking duration (left). Maximum defect density versus wafer thickness of conventional and
high-performance multicrystalline samples (right) [13]

be linked to the possibility of hydrogen out-diffusing from the thin bulk during the firing pro-
cess. Furthermore, the thinning process induces modifications in the surface morphology of the
wafers, resulting in alterations to their optical and physical characteristics. These changes could

also contribute to the observed decline in degradation [168].

4.3 Kinetics of degradation and regeneration

The rate at which the electrical performance characteristics of solar cells degrade and regenerate
in normal outdoor operating conditions is significant for understanding the physical mechanism
responsible for the defect and for developing measures to minimize the impact of the defect. The
defect kinetics can be better understood using the four-state defect transition model proposed
by Fung et al., shown in Figure 4.3 [169].

The defect precursor initial in state R transitions to the new state during the post-metallization
firing process with fast heating and cooling ramps. Defect precursors are mostly recombination
inactive. With carrier injection, upon light soaking under elevated temperature, recombination
active defects are formed, degrading the system’s electrical performance in state B. The transi-

tion from state A to state B occurs during carrier injection at a temperature above 50°C. Further,
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Figure 4.7: LeTID defect transition model adapted from [169].

prolonged exposure to light and heat causes a reverse transition from recombination active state
B to a recombination inactive state C, possibly due to defect transformation to recombination

in active form.

4.3.1 Injection and temperature dependency of LeTID Kinetics

Investigation of LeTID kinetics reveals that injected excess carrier density and temperature
modulate the LeTID and regeneration kinetics [42, 170-175]. Kwapil et al. [42] used high-
performance multicrystalline PERC solar cells with three different base resistivities (HPM1
with base resistivity of 1.7 Q cm, HPM2 with base resistivity of 2.1 2 cm, HPM3 with base re-
sistivity of 1.9 Q cm) from different manufacturers for the study of LeTID kinetics. The samples
were subjected to light soaking at 75°C and at an illumination intensity of 1 sun. The excess
carrier density is kept constant for estimating the rate constant by applying the fixed external
bias. The variation in the normalized dark current (I) normalized to the initial current (I;,;;) as

a function of degradation time is shown on the left side of Figure 4.8. As indicated in Figure
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Figure 4.8: The relative dark current (semi-logarithmic scale) of p-type high-performance
multicrystalline PERC solar cells versus degradation time at different injection conditions (left).
The dashed and dotted lines indicate the best fit of the data points used for estimating the
degradation rate constant. Degradation rate constant plotted as a function of excess carrier
density (right) [42].

4.8, the current increases as the degradation time progresses. The rate constant was estimated
from the slope of the best-fit lines of the data points. The dependency of degradation rate (Rge)
on An is shown on the right side of Figure 4.8, indicating that the formation rate of LeTID de-
fects depends upon the excess electron injected into the sample. Furthermore, the exponential
factor is almost close to unity for low and moderate injection, meaning a single electron’s in-
volvement in defect formation. In some cases, the degradation behavior showed fast and slow
components, indicating the possibility of two defect configurations responsible for the degrada-
tion [170]. In addition, both defect components strongly depend on excess carrier density and
temperature. Bredemeier et al. suggested that the total degradation rate is the sum of the degra-
dation rates contributed by slow and fast components. The activation energies for the defect
formation of both the components were estimated from LeTID studies on high-performance
p-type multicrystalline Si solar structures with base resistivity of 1.7 € cm subjected to an il-
lumination intensity of 0.5 suns and temperature range of 75°C to 120°C [170]. The estimated
values of activation energies are 0.89 + 0.04 eV and 0.94 + 0.06 eV for slow and fast defect
formation, respectively, from the Arrhenius plots, as shown in Figure 4.9 [170]. Kwapil et al.
demonstrated that the rate constant associated with the temporary recovery during defect trans-
formation from recombination active state B to recombination inactive state A depends on the
excess carrier density to the power 1.71 [171]. The reverse transformation of the defect requires
two electrons to form a recombination inactive precursor state [171]. However, studies show

that both degradation and regeneration kinetics are material specific [18, 20]. Vargas et al. [172]
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Degradation rate constants of the fast and slow degradation components versus the inverse tem-
perature 1/T according to the Arrhenius law (right) [170].

estimated the activation energies during the degradation and regeneration process in p-type mul-
ticrystalline structures after dark annealing as 1.08 = 0.05 eV and 1.11 + 0.04 eV, respectively.
Chen et al. [22] reported slightly different activation energies of 0.70 + 0.05 eV and 0.83 + 0.15
eV for slow defect formation during the degradation and regeneration phases, respectively, in
boron-diffused n-type Cz samples. However, previous studies conducted by Chen et al. [22],
Bredemeier et al. [170], Kwapil et al. [171] and Vargas et al. [172], have not taken into account
the injection dependency of reaction kinetics while estimating the reaction rates during both
degradation and regeneration phases. Considering the injection dependency with suitable ex-
perimental modification, Graf et al. [173] reported better activation energy values (0.78 £ 0.09)
eV and (0.62 + 0.09) eV during the degradation and regeneration process, respectively, in FZ
samples for a fixed An corresponding to 1 sun illumination intensity. In contrast, Wyller et al.
[174] reported activation energy of 1.38 +0.14 eV in the degradation phase and 0.56 +0.12 eV
in the regeneration phase considering the injection dependency of reaction kinetics in p-type in
multicrystalline samples using spatially resolved photoluminescence imaging at 1 sun illumi-
nation condition. Recently, Cheng et al. [175] reported the square law dependency of both rate
constants on excess carrier density during regeneration in cast p-type monocrystalline silicon
lifetime samples when subjected to light soaking at 1 sun illumination intensity at a temperature

of 75°C. This group reported activation energy of 0.48 +0.02 eV in the degradation phase and
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0.70£0.02 eV in the regeneration phase [175].

4.3.2 Defect Modeling

During the degradation phase, the precursor concentration N and recombination active defect
concentration Ng change with time. During the regeneration phase, the defect concentration
Np and the passivated defect concentration N change with time (see Figure 4.3). The net
rate of change in the recombination active defect concentration Ng can be written assuming a
first-order relation between the state transition A, B, and C for involved chemical species. It is
the sum rate of change in concentration of chemical species involved in the reaction during the

degradation phase and regeneration phase as indicated in Eq.4.1.

ON
WB =KaNa(t)—KgaNp(t) + KcgNc(t) - KpcNp(t) 4.1)

Here, Kj; represents the reaction rate constants associated with the transition between the states
A, B, and C. The degradation rate (Rgeg) is determined by the term KogNa(t) —KgaNp(t)
and regeneration rate (Rreg) by the term KcgNc(t) -KpcNg(t). The reaction rate constants
during the degradation and regeneration phase are determined by temperature and the excess
charge carriers injected into the device [42, 170, 171]. The presence of excess charge carriers
is responsible for transforming idle precursors to recombination active defects and its reverse
transformation.

Since the physical and chemical nature of the defect (Ng) is unknown, estimating the actual
defect concentration is difficult. An apparent defect density term measured from the electrical
parameters is commonly used to indicate the defect concentration. The apparent defect density

(NT. s~1) estimated from lifetime measurement at any time t is given as follows

11
NA(D) = ———
(0 o (4.2)

where 7 and 74 represent the measured effective lifetime of the samples before and after degra-
dation (s), respectively [176]. A model for time variation of N}(t) variation accounting for the

fact that degradation and regeneration occur simultaneously is given in Eq.4.3. as proposed by
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Vargas et al. [172].
N () = Ny (1 - Reet) (14 A)(1 e Reeet)) (4.3)

where N7, . . is the apparent defect density at the maximum extent of degradation. The constant
A accounts for the deviation between the regenerated and initial lifetime values. Rgeg and Ryeg

are the rate of degradation and regeneration processes.

4.4 Root cause of LeTID

Numerous inquiries have aimed to uncover the SRH characteristics and the fundamental causes
of defects linked to LeTID in silicon solar cells and wafers. Initially, LeTID was restricted
to multicrystalline Si solar cells, leading to suspicions that metallic impurities within the bulk
Si were the primary suspects. Nevertheless, Bredemeier et al. [31] introduced the idea that

hydrogen might also serve as a potential contributor to the creation of LeTID defects.

4.4.1 Metallic impurities as a cause for LeTID

Bredemeier et al. [31] advanced a defect theory to elucidate the function of metallic impuri-
ties in the onset of LeTID and its subsequent restoration. In multicrystalline silicon as initially
grown, the metallic precipitate dissolves, yielding highly mobile interstitial metal atoms during
the rapid firing process. Given the notably low density of these metallic precipitates, they do
not significantly impact the overall lifetime of the bulk material. During the cooling phase fol-
lowing the attainment of the peak firing temperature, the interstitial metal atoms combine with
uniformly distributed impurities (referred to as X) within the silicon to create a metal impurity
complex denoted as M;-X. These impurities, denoted as X, can be hydrogen (H), nitrogen (N),
boron (B), phosphorus (P), and so forth. The M;-X complex can serve as a relatively weak re-
combination center, transitioning to M;-X* on injection of excess carriers into the device when
subjected to light and heat.

Prolonged exposure to sunlight and heat leads to the dissociation of the M;-X complex into
isolated M; and X. The interstitial metal atoms are highly prone to create recombination centers,
which is responsible for the degradation observed. However, as time passes and under the in-

fluence of continuous exposure to light and heat, the migrating M; atoms become permanently
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trapped at the heavily doped emitter surface. This entrapment, combined with crystallographic
defects, results in the regeneration of the lifetime. The emitter surface and crystallographic
defects serve as a reservoir for these defect species. The distribution of metallic impurities
within the silicon device is uneven and depends on factors such as the distribution of crystallo-
graphic defects and the sample thickness. Consequently, the regeneration process is not uniform
throughout the material.

Numerous research teams have explored the impact of transition metal impurities on LeTID
behavior, supporting the defect model originally proposed by Bredemeier et al. [31]. Luka et
al. [177], using elemental analysis techniques like scanning transmission electron microscopy
(STEM) and highly sensitive energy-dispersive X-ray analysis (EDX), identified Cu precipi-
tates as potential culprits for LeTID in solar cells. Meanwhile, Niewelt et al. [165] excluded
the possibility of impurities like B, Ga, P, W, Ti, V, Zn, Cr, Mg, Co, Mo, and Na contributing to
LeTID, as these impurities in their elemental state cannot disperse sufficiently during the usual
time and temperature conditions of the firing process. In contrast, studies by Nakayashiki et al.
[158] and Morishige et al. [159] proposed that LeTID could be initiated by either interstitial
titanium or substitutional tungsten, as indicated by their analysis of defect characteristics uti-
lizing SRH statistics. Based on a statistical analysis of experimental data, Wagner et al. [178]
proposed that aluminum and oxygen precipitates enhance LeTID in solar cells. Wagner et al.
also mentioned that impurities like Fe, Cu, Cr, Ni, and Ti have an impact on degradation [178].
Deniz et al. [179] and Jensen et al. [180] corroborated Bredemeier et al.’s observations using
STEM and EDX techniques. Deniz et al. [179] suggested that nickel silicide precipitates are
involved in degradation and regeneration processes. Jensen et al. [180] reported an enhance-
ment of the LeTID effect with fast-diffusing and highly soluble point defects, such as Cu and
Ni. Furthermore, Bredemeier et al. [29] conducted a comparison of the diffusion coefficient of
the defect species during the regeneration process, estimated from thickness-dependent lifetime
spectroscopy measurements, with data available in the literature. They concluded that the esti-
mated diffusion coefficient, in the range of 542 % 1011 cm?s7! reasonably agrees with that of
chemical species like Co, Ni, and H.

Despite the previously mentioned observations, the similarities in the degradation patterns be-
tween transition metal-free FZ and Cz wafers, when compared to multicrystalline wafers, raise
questions about whether metallic defects are the primary cause of LeTID. A common nonmetal-

lic defect responsible for LeTID exists in Si wafers, regardless of the growth method used. By
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establishing links between experimental findings, the influence of the firing process on LeTID
behavior, and the diffusion of hydrogen during the firing process in PECVD-passivated sam-
ples, several research groups have proposed that hydrogen, in conjunction with its interactions

with impurities in Si, may serve as defects or precursors to defects associated with LeTID.

4.4.2 Hydrogen as a prime suspect for LeTID

Even though the exact defect physics is still unclear, several postulates support hydrogen as the
defect or defect precursor responsible for LeTID. The firing process promotes hydrogen dif-
fusion from the PECVD SiNx : H layer into the silicon bulk at peak firing temperature above
700°C. As the material cools down, several mechanisms come into play to reduce the bulk re-
combination of active monoatomic hydrogen. These include the formation of hydrogen dimers,
hydrogen-dopant complexes, and other processes [181], as well as the effusion of hydrogen out
of the sample [31]. Both the hydrogen dimer and complex act as reservoirs of hydrogen [25].
When subjected to illumination under elevated temperatures, the injection of excess carriers
alters the charge state of hydrogen within the defect complex, causing hydrogen to dissociate
[181]. Monoatomic hydrogen, in its individual state, exhibits a high propensity for recombi-
nation, thus contributing to degradation [158]. Over prolonged periods of exposure to elevated
temperatures and continuous light, hydrogen diffuses and becomes trapped at emitter surfaces
and within crystallographic defects, ultimately leading to regeneration.

Accurately measuring the concentration of hydrogen in silicon presents a challenge due to lim-
itations in available physical characterization tools. Hydrogen exhibits significant mobility in
silicon, even at room temperature, and the presence of hydrogen in ambient conditions can intro-
duce uncertainties in measurements. Nonetheless, numerous studies have explored the factors
that influence the quantity of hydrogen diffusing into silicon during the firing process, includ-
ing parameters such as PECVD dielectric thickness and firing process conditions in relation to
the extent of degradation. Vargas et al. [33], Bredemieir et al. [29] and Varshney et al. [34]
related hydrogen released from PECVD SiNx : H film during the firing process with LeTID
effect. Figure 4.10 shows the variation in maximum normalized defect density in two sets of
multicrystalline samples with resistivity of 1.6 Q cm and 1.9 Q cm and the hydrogen fraction
released from SiNy : H layers deposited at 400°C (left) and 420°C (right) after light soaking
under elevated temperature.

Jensen et al. [26] related the variation in bulk hydrogen content directly injected into the bulk
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Figure 4.10: Maximum normalized defect density as a function of hydrogen fraction released
from SiNx films deposited at 400°C (left) and 420°C (right) in multicrystalline wafers with
resistivities of 1.6 Q cm and 1.9 Q cm [33].

by microwave-induced hydrogen plasma treatment with the extent of LeTID in multicrystalline
silicon samples. Sperber et al. [18] demonstrated that LeTID could occur without the firing pro-
cess in undiffused p-type FZ samples with as-deposited SiNx : H film by direct PECVD rather
than remote PECVD technique. The degradation behavior is due to the bulk hydrogen injected
by the direct PECVD deposition method. Schmidt et al. [14] correlated LeTID-related defect
concentration with total bulk hydrogen concentration in FZ silicon wafers, which is in agree-
ment with the observation of Vargas et al. [172] where they related the fraction of hydrogen

released from surface SiNy : H layer with apparent defect density formed during light soaking.

4.4.3 Hydrogen induced degradation

Hydrogen Induced Degradation (HID) occurs when hydrogen migrates between hydrogen reser-
voirs and gettering centers, passing through recombination-active states. Initially, HID can lead
to increased recombination within the bulk [15]. Subsequently, it manifests as surface defects
due to hydrogen’s attraction to the emitter surface, as observed in previous studies [41, 182].
The defect characteristics of hydrogen-related defects are summarized in Table 3.6 of subsec-
tion 3.3. In addition to recombination loss, HID can cause additional resistive loss due to
increased Si device’s series resistance by modifying the device’s contact resistivity [183, 184].
Consequently, the diffusion of hydrogen into Si devices can lead to performance degradation de-
pending on the device’s operating conditions and usage duration. The mechanisms concerning

the deterioration of bulk, surface, and contact resistance are outlined as follows:
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1. Bulk Degradation: Hydrogen can induce bulk degradation by interacting with impuri-
ties in silicon, forming recombination-active defects like hydrogen-vacancy complexes,
carbon-hydrogen-oxygen complexes, metal-hydrogen complexes, and more. Hydrogen
can also introduce crystallographic defects by creating hydrogen platelets. Interstitial

hydrogen acts as a potent recombination center, introducing deep energy levels in silicon.

2. Surface Degradation: Hydrogen has the potential to degrade surface quality by interact-
ing with dopants, which can lead to counter-doping effects. Additionally, it can induce

crystallographic damage in the surface region by accumulating hydrogen.

3. Alteration of contact resistance: The accumulation of hydrogen beneath contact regions
increases contact resistance and, consequently, sheet resistance. This occurs because
hydrogen interacts with dopants, forming hydrogen-dopant complexes and acting as a
dopant itself. This process generates hydrogen-related interfacial defects, impeding the

tunneling of charge carriers.

4.5 Methods for mitigating the impact of LeTID

As LeTID impacts all types of silicon wafers and solar cell architectures used in the mainstream
solar industry, several approaches have been put forward to reduce or mitigate its adverse ef-
fects. Considering LeTID’s reliance on transition metal impurities, employing phosphorous
diffusion gettering can play a crucial role in reducing the impact of LeTID [185, 186]. This im-
plies that refining the emitter diffusion profile aids in diminishing the impact of LeTID. Strate-
gies to reduce LeTID can also be crafted by optimizing processes that impact the concentration
and diffusion of hydrogen within the sample. These processes encompass fine-tuning the sto-
ichiometry and thickness of the passivation layer, as well as managing the firing profile and
firing process parameters, as elaborated in section 4.1. However, it’s worth noting that adjust-
ment of these process parameters, as well as altering the thickness of the dielectric film, can
impact the optical properties of the film. Increasing the thickness of the dielectric film ex-
tends the metal’s penetration depth, which can lead to poor contact formation. Therefore, these
approaches require process re-optimization when implementing measures to suppress LeTID.
Moreover, reducing the thickness of the base material to mitigate LeTID can render cells brittle

and negatively impact yield.
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Research suggests that the LeTID effect can be effectively reduced by increasing illumination
intensity or temperature at a constant ratio of illumination intensity and time or temperature
and time [39, 187]. Maischner et al. proposed a method to mitigate LeTID by modifying the
cooling ramp during the co-firing process [40]. This adjustment resulted in an improvement in
average efficiency reduction from 5.5 % to 1.5% in high-performance multicrystalline Si solar
cells and cast monocrystalline cells. Sen et al. suggested incorporating an additional firing step
at a temperature of about 400°C to 500°C with a faster belt speed of 1.4 m/min to restore cell
stability without affecting contact resistance when operating under light and elevated tempera-
tures [37]. This approach led to a 5% increase in the relative efficiency of p-type mc-Si PERC
solar cells. Yli-koski et al. proposed a technique to prevent the subsequent development of
LeTID by utilizing extended annealing at a low-temperature range (between 200°C and 300°C)
for a duration exceeding 18.5 hours [188]. More recently, Hu et al. proposed a post-processing
step that includes a forward current injection method and annealing to suppress LeTID. This
method resulted in a relative increase of approximately 0.4% in Voc when current injection

and annealing were employed as pre-processing steps in PERC cell fabrication [48].

4.6 Gaps Identified in the Research Related to LeTID

While research has progressed in understanding and mitigating LeTID, several unresolved is-

sues persist in the literature.

1. The involvement of hydrogen in LeTID is widely accepted, but the exact defect structure
and the physics of the defect mechanism behind LeTID are not fully understood. There is
ongoing debate about whether LeTID is primarily due to hydrogen-related defects, metal

impurities, or other types of defect complexes.

2. Although LeTID has been reported in various silicon materials based on doping and bulk
material quality, the LeTID susceptibility of solar cells with differing bulk quality and
doping types, fabricated under identical processing conditions, needs to be investigated

in detail.

3. The impact of screen printing and firing processes on LeTID, particularly concerning
hydrogen introduction and redistribution, requires further research. In addition, limited

studies exist on on the effects of LeTID on solar cells with varying sheet resistance.
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4. Since hydrogen diffused from PECVD SiNyx : H passivation layer into the bulk of Si solar
cells during the firing process is considered a prime suspect for LeTID, the hydrogen-
related defects can be formed at the emitter surface, at the junction, and within the bulk.
A comprehensive investigation into the LeTID behavior of different regions within the

solar cell architecture needs to be addressed.

5. Even though the performance parameter variation due to LeTID has been reported in the
literature, the factors influencing the performances and their long-term stability analysis

have to be studied.

6. While some mitigation techniques (e.g., optimized firing profiles and current injection
techniques prior to annealing) have been proposed, their long-term effectiveness and
scalability need more validation. In addition, an understanding of the trade off between
LeTID mitigation and other performance metrics, such as initial efficiency and cost, is

crucial for developing practical solutions.

4.7 Summary

This chapter provides a comprehensive review of the existing literature on the degradation be-
havior induced by light and elevated temperatures in silicon solar cell devices. The studies
conducted have unveiled several factors capable of influencing the severity of LeTID. These
factors encompass the firing profile, parameters of the firing process, the dielectric deposition
process, the thickness of the dielectric film, and the wafer’s thickness. However, it is important
to note that the degradation and subsequent regeneration kinetics are primarily determined by
injection conditions and temperature.

The chapter also delves into the experimental evidence that supports hydrogen as the underly-
ing cause of LeTID. Additionally, it examines recombination properties and presents a four-state
model depicting LeTID and the kinetics of its regeneration. Furthermore, the chapter provides
an overview of various strategies devised to mitigate the impact of LeTID. These strategies
encompass alterations to the cooling rate within the firing profile, the integration of current in-
jection techniques with annealing processes, and the inclusion of an additional low-temperature

firing step during the fabrication of solar cells.
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Chapter 5

Characterization Techniques

The chapter covers the foundational operational principles of multiple characterization tech-
niques and the strategies employed for extracting device parameters through these methods. We

focus only on the methods used in the thesis.

5.1 Lifetime characterization

Characterizing lifetime is essential for assessing the recombination properties of minority car-
riers within both the bulk and surface of silicon devices. To determine the minority carrier life-
time values, we employed a Sinton Instruments lifetime tester (WCT 120) based on the QSSPC
method. In this method, the test samples are briefly exposed to a Xenon light source, which
leads to the generation of excess carriers. Upon deactivation of the light source, these excess
carriers undergo recombination, and their concentration decreases exponentially over time. The
dynamics of this recombination process can be mathematically represented using the following
continuity equation.
OAn J

1l
W=G(t,x)—R(t,x)+ag .1

where G and R represent the generation and recombination rates (cm™ s~1) in the sample under
test. An is the excess carrier density (cm_3). Jn is the electron current density (A cm_z), which
can vary spatially due to variations in the generation rate across the sample. q is the electronic
charge (C).

[0\

Under uniform illumination, R reduces to zero. Then rewriting recombination rate in terms of
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An

minority carrier lifetime R= Tott? the continuity equation shown in Eq.5.2 can be expressed as
An
Teff = G OAn (5.2)
o

When the light source is turned off (G = 0), the Eq.5.2 gives the transient lifetime

An
Teff transient = OAn (5.3)

Under steady-state conditions, % =0, then Eq.5.2 is reduced to a quasi-steady state lifetime.

An
TeffQSS = (5.4

Eq.5.3 and 5.4 illustrate how the effective lifetime of charge carriers within the sample can be
approximated by examining the rate of change in excess carrier concentration and generation
rate. These changes in excess carrier concentration influence the sample’s conductivity. Eq.5.5
quantifies the conductivity variation in the sample resulting from the fluctuations in excess

carrier density.

Ao =q(up + un)AnW (5.5)

where U, pp represents the mobility of electron and hole in the sample (cm?/Vs), and W
is the thickness of the sample (cm). The lifetime tester uses a tuned RF bridge to measure
the conductivity change with illumination intensity variation. The tester also measures the
illumination intensity using a calibrated reference cell to compute the photo generated current
density (Jpp, Alcm?) represented by the Eq.5.6.

qAnW
J ph =
Teff

(5.6)

Combining Eq.5.5 and 5.6, the effective lifetime of charge carriers can be estimated from

the following relation.
Ao

" Tpn(ip + Hn) 67

Teff

The effective lifetime measured by the Sinton lifetime tester consists of bulk and surface com-
ponents. The bulk lifetime include three components; radiative recombination (7,4, ), Auger

recombination (7ayg, s) and SRH recombination (Tgry, s) as discussed in section 2.3. The mea-
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sured effective lifetime can also be represented in terms of the bulk and surface recombination

parameters, as shown in Eq.5.8 for symmetrically passivated samples.

1 1 1 1 2Seff
=—+—+ + (5.8)

Teff Trad TAug TSRH W

where T,q,TAug,TSRH represent radiative lifetime, Auger lifetime, and SRH lifetime, respec-

tively, for the sample under test (s). Sefr represents the effective surface recombination velocity

(cm s™1) and W is the thickness of the sample (cm).

Eq.5.8 can be rewritten by replacing Sq¢r in terms of surface recombination current density

Jos, A cm~2) at the emitter surface as given in Eq.5.9.

1 1 1 1 2J9s(Ngop +An)
—= + + + >
Teff Trad TAug TSRH qny W

(5.9)

Ngop 1s the doping concentration (cm™), An is the excess carrier density (cm™), n; is the in-

trinsic carrier density (cm™>), and q is the elementary electronic charge (C).

5.2 Photoluminescence imaging

Photoluminescence (PL) imaging is a remarkably rapid non-contact technique for character-
izing the spatial distribution of electronic parameters in semiconductor devices. Inside the
semiconductors, electron-hole pairs generated through optical absorption can undergo recom-
bination through either a radiative recombination mechanism, a non-radiative mechanism, or a
combination of both. The radiative recombination results in the emission of photons equivalent
to the bandgap energy known as photoluminescence. The relation in Eq.5.10 represents the PL

efficiency.

npL = Ro+R— (5.10)

The radiative recombination rate R,,4q and non radiative recombination rate R, ,q (em™3 71

are defined as,

An An
Rrad = —Rprad = —— (5.11)
Trad Tnrad

where An is the excess carrier density (cm™), Trad and Typq are radiative and non-radiative

lifetime of charge carriers (s). So, the effective lifetime can be written considering radiative and
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non radiative recombination parameters, as shown in Eq.5.12.

1 1 1
LI (5.12)
Teff  Trad  Tnrad

Although radiative recombination is not the predominant process in Si, PL emission through
the radiative recombination process can be used to examine the electronic properties of solar
cells. The emitted PL signal is captured using an imaging technique with a sensor array. The
intensity variation across captured PL images indicates the lifetime variation across the device.
The brighter regions in the PL image, exhibiting relatively higher PL intensity, indicate regions
with lower recombination activity and relatively longer effective carrier lifetimes. Conversely,
the darker regions, distinguished by relatively lower PL counts, correspond to areas with shorter
carrier lifetimes. In this thesis, the Lumisolar system from Greateyes is employed for capturing
PL images. This system utilizes a set of LED arrays operating at a 660 nm wavelength as an
illumination source. To filter the luminescence signal from the illuminated sample, a 960 nm
high-pass filter is employed. This filtering ensures that the Si CCD detectors only receive PL

emission from the Si devices.

5.3 Photoluminescence Spectroscopy

Photoluminescence Spectroscopy captures photons emitted from a sample when the charge car-
riers transit from the excited state to the ground state when irradiated by a laser beam. The mea-
sured spectrum is used to analyze the characteristics of the material and the impurities present
in it. In the thesis, the PL. measurement was carried out at room temperature using a customized
setup with a 780 nm, 20 mW laser source, and an indium-gallium arsenide (InGaAs) detector.
The spectral resolution is obtained by placing a monochromator before the detector. The PL
spectrum of a passivated Si sample is shown in Figure 5.3. The spectrum exhibits the PL band
of Si centered around 1170 nm at room temperature. This band appears quite broad because
of the thermal vibrations of the charge carriers. The sub-bandgap PL signal arises due to the
defects within the sample. Specifically, the PL band below 1320 nm is attributed to the intrin-
sic dislocations within the bulk of the Si material [189]. Impurities such as iron and oxygen

contribute to the PL bands observed at 1400 nm and 1500 nm, respectively [190-192].
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Figure 5.1: PL spectra of a silicon sample passivated with SiNyx at 300K.
5.4 FTIR Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a technique employed to analyze the chem-
ical composition of a sample by examining its vibrational frequencies. This characterization
method is known for its ease of operation, speed, accuracy, and sensitivity. During FTIR spec-
troscopic measurements, the sample is subjected to infrared (IR) radiation, leading to energy ab-
sorption by various chemical species within the sample. Each chemical species exhibits atomic
vibrations that selectively absorb specific frequencies and energies of IR radiation. The IR
spectra transmitted through the sample are detected. Different chemical species have differ-
ent vibrational characteristics and, hence, different FTIR spectra. Identifying chemical species
within the sample is accomplished through the analysis of FTIR spectra, with a particular em-
phasis on the unique absorbance peaks linked to each chemical species. The data extracted
from FTIR spectra, specifically the absorbance peaks and spectral bandwidth, serves as a valu-
able tool for estimating the concentration of chemical species. In this thesis, the Brucker Vertex
80 FTIR spectroscopic instrument is employed to perform measurements and acquire the FTIR
spectra of the samples. For the FTIR analysis, double-side polished <100> Cz - Si wafers with
resistivity ranging from 1 - 5 Qcm and thickness 300 pm were used. The measurements were
conducted in transmission mode at room temperature, involving 64 scans for a single measure-

ment of the FTIR spectra.
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5.5 Current- voltage characteristics

The solar cell’s performance parameters, such as Voc, Jgc, FF, and 1 are derived from the
illuminated J-V characteristics. These J-V measurements are carried out under standard test
conditions, with the illumination source closely matching the AM 1.5G spectra and the cell
operating at a temperature of 25°C. Figure 5.2 shows the J-V curve of a large area silicon solar
cell fabricated at the National Center for Photovoltaic Research and Education (NCPRE) in
black solid lines. The points corresponding to Voc (V) and Jgc (mA cm™2) are marked in
Figure5.2. The power-voltage characteristic is also depicted in Figure 5.2, using a red solid line
to show the cell’s maximum power point Ppax (W cm‘z). 1 and FF values are computed from

Pmax using Eq.5.13 as discussed in section 2.2.

Pmax
n= (5.13)
Pin

where Py, is the irradiance incident on the solar cell and is equal to 0.1 W cm™2 under STC of

AM 1,5G spectra and 25°C.

Pmax
FF = (5.14)
Voctsc

In this thesis, a class AAA solar simulator from Abet Technologies is used for measuring the
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Figure 5.2: J-V (black solid line) and P-V (red solid line) characteristics of a sample solar cell
fabricated at NCPRE measured using a AAA class solar simulator from Abet Technologies.
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illuminated J-V characteristics of the solar cells. The solar cell’s series resistance (Rg, £ cmz)
is extracted from the J-V curves measured at illumination intensity of 1 sun and 0.1 sun using
the Bowden method [193]. The shunt resistance (Rgp, €2 cmz) is measured using dark I'V char-
acteristics in the voltage range -50mV to +50mV.

The Suns Voc measurement system from Sinton Instruments measures the illuminated J-V char-
acteristics under open circuit conditions. The system uses two diode equivalent model of solar
cells for extracting the recombination current density components Jo; and Joo [194, 195]. Jop
(A cm™2) accounts for the recombination within the depletion region. Jo; (A cm™2) accounts
for the recombination within the rest of the solar cell regions, which include bulk, front surface,
and rear surface.

In this thesis, FF loss analysis due to recombination and resistive components is imple-
mented using the method suggested by Khanna et al. [196]. The method iterates the two-diode
model J-V equation for the known parameters like Voc, Jsc, Rss Rgps Vmax and Jmax. It
provides a quantitative estimate of the absolute loss in FF in due to recombination in space
charge region (AFF(J(p)), recombination in the rest of solar cell (AFF(J;)), series resistance
(AFF(Rs)), and shunt resistance (AFF(Rgp)) [196]. The electrical equivalent of a p-n junction

solar cell used for FF loss analysis is shown in Figure 5.3,
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Figure 5.3: The electrical equivalent of a p-n junction solar cell used for FF loss analysis.

Vmax = VO —Jmast (5- 15)
A +JmaxR
Tmax =Jo—% (5.16)
sh

The V( and J represent the output voltage (V) and current density (mA cm™2) without consid-

ering the Ry effect. The product VJ can be determined from Eq.5.15 and 5.16 and normalized
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with VocJgc to obtain the Eq.5.17

Volo _ VmaxJmax + Jrznast + (Vmax "‘JmaXRs)2
Vsclse  Vsclse  Vsclsc RshVscdsc (5.17)
Jrznast + (Vmax ‘*‘Jmaxst)2

FF, = FF+
Vsclsc RshVscIsc

Eq.5.17 gives the relation between the fill factor of the resistance-free cell (FFy) and the fill
factor of the real cell (FF). The second and third terms in Eq.5.17 represent FF loss due to Rg
(AFFRy) and FF loss due to Rg}, (AFFRgp) respectively.

The recombination current component Jy; limited FF (FFj,) can be computed using Lambert

W-Function without considering Rg,R¢p, and Jgy [196].

_ KT (W[z]-1)%exp(W[z] - 1)
o' qVoc  exp(qVoc/kT)-1 (5.18)
z=1+exp(qVoc/kT)

FF)

The FF loss due to the recombination component Jo, (AFFj, ) is calculated from the difference

between the FF limit due to Jo;, (FFy,,) and resistance-free fill factor, (FF).

AFFj,, =FFj,, —FF (5.19)

5.6 Quantum efficiency measurement

Quantum efficiency (QE) is the ratio of the number of carriers collected by the solar cell to
the number of photons of a given energy incident on the solar cell. It is used to characterize
recombination losses at different wavelength regions and optical losses of the solar cells. QE
is usually expressed as external (EQE) or internal (IQE). EQE measurements consider all the
photons incident on the sample, including optical local losses such as photons reflected by
the front surface and transmitted through the sample. However, IQE measurements consider the
actual number of photons absorbed by the sample surface instead of the total number of photons
incident on the sample. Hence IQE measurement does not take into account optical losses. The

EQE and IQE are related as follows

EQE

IQE=———
Q 1_R/_T/

(5.20)
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/ / . . . . . .
Where R and T represent the reflection and transmission losses in solar cells. The transmission

loss is ~ 0, for the solar cells with full Al coverage on the back surface. Hence, Eq.5.20 can be

modified as follows,
EQE

5.21
— (5.21)

IQE =

The EQE measurement is done by illuminating the solar cell with different wavelengths and
measuring the short circuit current through the contacted cell region. The reflectance from the

illuminated spot is also measured to calculate IQE.

EQE & R (%)

400 600 800 1000 1200
Wavelength (nm)

Figure 5.4: EQE (black solid line) and Reflection (red solid line) curve of a sample solar cell
fabricated at NCPRE measured using Bentham PVE300 tool.

In this thesis, EQE and reflectance were measured using the PVE 300 tool from Benthem In-
struments. The system uses a dual light source (xenon and halogen) combined with a monochro-
mator for illuminating the sample surface in the wavelength ranging from 300 nm to 1100 nm.
The illuminated area of the sample’s surface is Imm x Smm. Figure 5.4 shows EQE and R
curves of a c¢-Si solar cell fabricated at NCPRE. The EQE curve shows a sudden fall in the
wavelength range 300 nm to 500 nm and 900 nm to 1100 due to surface recombination of
charge carriers at the front and rear surfaces, respectively. The reduction in EQE in the mid-
wavelength range indicates the recombination loss within the bulk of the solar cell. The spot
QE measurement may not effectively represent the solar cells, especially in the case of mul-

ticrystalline Si solar cells with spatial nonuniformities.
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Light-induced beam current (LBIC) method is used to characterize the spatial variations in
EQE of the entire sample area at different penetration depths. LBIC system also provides the

reflection map at the corresponding sample depth to estimate IQE as per Eq.5.21.

10° . . . .
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Figure 5.5: Penetration depth in a silicon sample as a function of wavelength at 300 K [197].

LBIC system from Semilab WT-2000PVN is used in this study. The system uses four oper-
ating wavelengths: 407 nm, 658 nm, 877 nm, and 986 nm., The absorption depth corresponding
to the wavelength 407 nm, 658 nm, 877 nm, and 984 nm in silicon is about 120 nm, 3.5 um, 20
um, and 100 pm at 300 K, as shown in Figure 5.5 [197]. The spectral response of the emitter
(at 407 nm), near-to-space charge region (at 658 nm), bulk (at 877 nm), and deep bulk (at 984

nm) was covered during the LBIC analysis.
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Chapter 6

Characterization of Degradation in
PECYVD Silicon Nitride Passivated
Cz Silicon Wafers at Normal

Ambient Outdoor Conditions

A thorough investigation was conducted to examine the degradation behavior of both p-type
and n-type silicon samples produced using the Cz growth method and passivated with PECVD
SiNx: H when exposed to outdoor light under typical ambient conditions. This study employed
a combination of electrical and optical techniques to evaluate the degradation effects. Changes
in minority carrier lifetime were assessed for both p-type and n-type samples before and after
exposure to light using lifetime measurement and PL imaging. Furthermore, alterations in the
number of defects present in both n-type and p-type samples were quantified based on variations
in lifetime. The experimental results indicate that both p-type and n-type samples experience a
decline in performance when subjected to light and heat in regular outdoor conditions. Addi-
tionally, FTIR and PL spectroscopic analyses were carried out to identify the chemical species
responsible for this degradation. The spectroscopic investigation reveals that the degradation
observed in PECVD SiNy : H passivated p-type and n-type silicon samples is primarily linked

to hydrogen and oxygen-related defects in typical outdoor ambient conditions.
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6.1 Experimental methods

6.1.1 Sample preparation and characterization

Both p-type and n-type double-side polished wafers grown by the Cz process with a resistiv-
ity of 1-5 Q cm and 300 pwm thickness were used for all the experiments. Interstitial oxygen
concentration in the samples was estimated as per ASTM F1188-00 standard using FTIR mea-
surements as described in Appendix B. It was found to be 8 x 10'7 ¢cm™3 and 5 x 10!7 cm™ for
p-type and n-type samples respectively. Before SiNx : H passivation layer deposition, the sam-
ples were cleaned using the RCA cleaning procedure. SiNy : H passivation layer is deposited
on both samples’ sides using the Oxford Instruments Plasmalab PECVD system. The deposited
dielectric film’s thickness and refractive index (RI) were measured using a spectroscopic ellip-
someter SE 2000 from Semilab. The thickness and RI (at 630 nm) of the deposited film were
104 nm and 2.1 nm, respectively. Post-deposition annealing of the samples was carried out at a
peak temperature of 770°C for 30 seconds using a rapid thermal processing (RTP) system from

Allwin21 Corp. The schematic structure of the test structure is shown in Figure 6.1 (a).

ARC (SiNy: H)

(a) Si wafer

Figure 6.1: (a). A schematic of the test structure used in the experiment. (b). A photograph of
the experimental setup during the light soaking in outdoor conditions.

The samples were enclosed inside solar glasses to avoid environmental contamination dur-
ing light-soaking experiments. photograph of the experimental setup for the light soaking is
shown in Figure 6.1 (b). Light soaking was done outdoors at the NCPRE PV module mon-
itoring station in Mumbai, India, in January, February, and March of 2020. Light intensity
during light soaking was measured using a pyranometer from Eppley in the spectral range of
295 nm to 2800 nm. The effective minority carrier lifetime of the samples was measured using
the QSSPC Sinton WCT 120 lifetime tester. Band-to-band photoluminescence emission from

the samples was measured using the Lumisolar tool from Greateyes. Various chemical species
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in the samples before and after light soaking were analyzed using Brucker Vertex 80 FTIR
spectroscopic instrument. Spectroscopic PL measurement was carried out at room temperature
using a customized setup with a 780 nm laser source and an indium-gallium arsenide (InGaAs)

detector.

6.2 Results and discussion

6.2.1 Electrical characterization
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Figure 6.2: Variation in average solar insolation between 10.00 am and 4.00 pm measured at
Mumbai, India, during the period from 29 January 2020 to 06 March 2020.

The samples were subjected to light soaking directly under the sun in outdoor conditions
from 29 January 2020 to 06 March 2020, resulting in cumulative solar insolation of 95.7
kWh/m?. Solar irradiance on the samples during each day (from 10.00 am to 4 .00 pm) of
light soaking was measured, and the solar insolation was found to vary between 4.56 kWh/m?
and 5.60 kWh/m? as shown in Figure 6.1. Daily average ambient temperature during 0.00 am to
4 .00 pm was in the range from 33°C to 39°C. Variation in solar irradiance and temperature from

10.00 am to 4.00 pm of each day of light soaking is provided in the supplementary information
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in Appendix A. The maximum, average, and minimum values of humidity at Mumbai, India, are
also provided as supplementary information in Appendix A. Humidity data provided was not
recorded at the experiment site but at a location 7.55 km away from the experiment site. The
samples were kept inside a laboratory during the intervals between successive light-soaking
periods. The samples were kept inside a laboratory during the intervals between successive
light-soaking periods. Light soaking was not done on some days due to certain adverse climatic

conditions, as indicated by break lines in Figure 6.2.
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Figure 6.3: Effective minority carrier lifetime variation in p-type (top) and n-type (bottom)
samples after light soaking with a cumulative solar insolation up to 95.7 kWh/m?.
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Figure 6.4: Si band to band PL intensity of p-type (top) and n-type (bottom) sample before (left)
and after (right) light soaking with a cumulative solar insolation of 95.7 kWh/m?.

The variations in effective minority carrier lifetime for p-type and n-type samples during
light soaking for a period (t) of up to 111 h with cumulative solar insolation (E) of up to 95.7
kWh/m? are shown in Figure 6.3. Decreases in minority carrier lifetime from 84 ps to 35 ps
and from 135 ps to 93 us were observed for p-type and n-type samples, respectively. These
lifetime values refer to effective minority carrier lifetime measured at excess minority carrier
injection density (An) of 10 12 cm —3. The reduction in effective lifetime as seen in Figure 6.3
indicates that light soaking introduces defects in both n-type and p-type samples.

The effective lifetime of charge carriers is determined by various recombination mechanisms
such as Auger recombination, radiative recombination, and SRH recombination. SRH recombi-
nation accounts for defect-assisted recombination in semiconductors. As defect concentration
during light soaking increases, the SRH recombination rate increases and the effective lifetime
of charge carriers reduces. Hence, the difference in the effective lifetime of charge carriers be-
fore and after light soaking is considered as a measure of the apparent density of defects formed
during light soaking of the samples. It is reported that light soaking of p-type samples leads
to the formation of BO defects [69-71, 143, 145, 198, 199]. Since degradation is observed in

both n-type and p-type samples, we can infer that some other forms of defects are also present

besides the boron oxygen defects.
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The measured band-to-band PL intensity variations in p-type and n-type samples are shown
in Figure 6.4. After light soaking, a significant reduction in PL intensity was observed through-
out the sample area. The reduction in PL intensity inside the region marked by the blue circle
(which corresponds to the sensor region of the Sinton lifetime tester) was consistent with the

change in measured minority carrier lifetime for both types of samples.

6.2.1.1 Estimation of apparent defect density

The apparent light-induced defect concentration was calculated from the effective minority car-
rier lifetime curves of the samples. The apparent normalized defect density (NT.) was calculated

using the following relation [176],

NT = OpVinNT = Tid—fio (6.1)

where op, is the electron/hole capture cross sections of the defect in cm?, Vin 18 the thermal
velocity (cm sh), Nt is the defect density (cm™), T 1s the initial effective minority carrier
lifetime of the samples before light soaking (s) and 74 is the effective minority carrier lifetime
of the degraded samples after light soaking (s). The variation in N7 as a function of cumulative
solar insolation on the sample is shown in Figure 6.5. The graph shows an increase in N7t in
both p-type and n-type samples for cumulative solar insolation up to 95.7 kWh/m?2. After solar
insolation of 95.7 kWh/m?2, N7 increased from 3.39 x 1073 us_l to 1.68 x 1072 us‘l in p-
type samples and from 3.42 x 1074 us~! to 3.46 x 1073 us!in n-type samples. Interestingly,
the maximum change in N} was observed after light soaking for 73 h, which corresponds to

cumulative incident energy of 63 kWh/m?2. This trend was consistent for both n-type and p-type

samples. Further, beyond 73 h of light soaking, N7 showed a near-saturation trend.

6.2.1.2 Estimation of surface recombination current density and bulk lifetime

Further, the surface recombination current density (Jyq, A/cmz) and bulk lifetime (g, s) of the
non-diffused samples were estimated to separate surface and bulk degradation. Jyq was esti-
mated from the inverse Auger corrected carrier lifetime (Tayg_ orrected-s) Obtained from Sinton
lifetime tester using Eq.6.2 and 6.3 [62, 200, 201].

1 1 2Setr

B — = e o (62)
TAugercorrected B W
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Figure 6.5: Apparent normalized defect density variation in p-type and n-type samples as a
function of cumulative solar insolation.

where W is the thickness of the sample (cm). For non-diffused samples, excess carrier injec-
tion dependent surface recombination velocity (Seff, cm s given in Eq.6.2 can be expressed

in terms of Jg, as proposed by MclIntosh and Black [202].

Seff = M (6.3)
qn;

where Ny, is the doping density (cm™), n; is the intrinsic carrier density (cm™), and qis
the elemental charge of carriers (C). However, the above analysis was limited to n-type samples
as the inverse Auger corrected lifetime curves of p-type samples were not extending to linear
high injection regime (A n>4 x 10" ¢cm™3) for all light soaking conditions. A representative
inverse Auger corrected lifetime curve of light soaked (with solar insolation of 95.75 kWh/m?2)
n-type sample used for estimating Joq was shown in the inset of Figure 6.6. Further, 75 shown

in Figure 6.6 was estimated using Eq.6.2 and 6.3 at An = 1015 cm™3.
Both Jps and 7 were found to be degraded after light soaking as shown in Figure 6.6.

The increase in Jog was from 259 fA/cm? to 502 fA/cm? while the reduction in g was from

136 ps to 93 ps in n-type samples for solar insolation of 95.7 kWh/m?2. The reduction in
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Figure 6.6: Variation of surface recombination current density, Jos and bulk lifetime, 7g in
n-type samples as function of cumulative solar insolation. Inset shows a representative inverse
Auger corrected lifetime curve of the light-soaked sample when subjected to solar insolation of
95.75 kWh/m?2. The slope of the green line (linear fit generated for high injection regime and
extrapolated to the y-axis) was used to estimate the Jy.

bulk lifetime is in contradiction with the previous studies carried out on non-diffused Cz-grown
n-type samples under controlled laboratory conditions. Chen et al.[21, 22] have reported an
increase in defect concentration due to surface degradation in non-diffused n-type samples.
They observed an increase in defect concentration during both light soaking at an elevated
temperature of 75°C and dark annealing at 172°C but with a stable bulk lifetime. However,
their studies were restricted to electrical characterization techniques such as minority carrier
lifetime measurements for analyzing degradation in silicon samples. In this study, we further
exploited the optical characterization techniques: FTIR and PL spectroscopy to identify various

chemical species involved in light-induced degradation mechanisms.

6.2.2 Optical characterization

6.2.2.1 FTIR Spectroscopy

Chemical species responsible for the increase in defect concentration in samples after light

soaking with solar insolation of 63 kWh/m? were characterized using FTIR in the spectral
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Figure 6.7: FTIR spectra of p-type (left) and n-type (right) samples before and after light
soaking for 63 kWh/m?2.

range of 400 cm ™! to 3500 cm™! at the center of samples.

The normalized absorbance spectra for p-type and n-type, before and after light soaking, are
shown in Figure 6.7. The normalization was done with respect to the vibrational peak of the
Si-Si bond at 611 cm™!. Deconvolution of FTIR spectra was done for the detailed investiga-
tion of compositional changes in various chemical species within the samples before and after
light soaking. Deconvolution was carried out using OrginPro 2020. The peaks identified by the
second derivative method were further smoothed by Savitsky—Golay filtering. The peak fitting
was then performed using Gaussian Modelling and the fitting procedure was stopped when the
reduced chi-square was less than 1x1076. Figures 6.8 and 6.9 show deconvoluted FTIR spectra
of both p-type and n-type samples, respectively, in the wavenumber range from 700 em™! to

1200 cm™!.

Three absorbance peaks were observed in the range 750 cm™! to 1100 cm™! due to stretch-
ing vibrations of SiN bond [203-206]. The lowest peak V| corresponds to the asymmetrical
stretching vibrations of the Si-N bond with low nitrogen content. It is formed when nitrogen
atoms incorporated into the Si matrix are bonded to the neighboring Si atoms (SiNx). The peak
Vv, corresponds to the chemical bond when one of the Si in SiNx bonds with vibrational fre-
quency Vq is replaced by hydrogen (SiNyHj,). The third peak v3 corresponds to the vibrations
of the nitrogen-rich Si-N bond (SiN,H}). The vibrational frequency corresponding to V3 can
extend up to 1100 cm™! depending upon the nitrogen content of the chemical species [207].

The vibrational peak v,4 at 1108 cm™! is due to interstitial oxygen atoms in silicon (S105;)
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Figure 6.8: Measured and deconvoluted FTIR spectra for p-type before (left) and after (right)
light soaking for 63 kWh/m 2.
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Figure 6.9: Measured and deconvoluted FTIR spectra for n-type before (left) and after (right)
light soaking for 63 kWh/m?.

[208, 209], which are incorporated into the silicon matrix during the crystal growth process. The
peak vs at 732 cm™! is due to oxygen thermal donors (TD). TD is formed during temperature
treatment of the Si samples in the range 350°C to 500°C and appears as small agglomerates of
oxygen in Si matrix (SiOp) [210, 211]. But annihilation of TD is reported when annealing of the
samples is done at 700°C for a few minutes [212]. In this work, the existence of oxygen-related
TD vibrational peak at 732 cm ™! is observed even after 770°C peak temperature post-annealing
for 30 seconds. In Figures 6.8 and 6.9, the measured data is shown in black dots, and the cu-

mulative fit for Gaussian components is shown in solid black lines. Gaussian fit corresponding
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to peaks Vi, Vo, V3, V4, and Vs are represented in solid red, green, blue, purple, and orange
lines, respectively. A peak Vg at 2168 cm™! in PECVD deposited SiNy : H samples as shown
in Figure 6.10 is due to stretching vibration of Si-H bond [213]. Integrated absorbance as a
measure of bond density is analyzed for various chemical species and is summarized in Table

6.2.2.1.
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Figure 6.10: Measured FTIR spectra Si—H bond for p-type (left) and n-type (right) sample
before and after light soaking for 63 kWh/m?.

Table 6.1: Integrated absorbance intensities for the Gaussian components before and after light
soaking for p-type and n-type samples.

Integrated \% 1%} V3 V4 Vs V6
Absorbance | cm™! | cm™! cm™! em™ | em™! | em™!
SiNx | SiNyH, | SiNHy, | SiOp; | SiOp | SiHp
p-type before | 104.2 | 1242 | 1034 | 164 | 139 | 13.8
p-type after 157.4 | 38.6 126.0 | 147 |09.5 | 12.7
n-type before | 107.3 | 144.0 | 172.0 | 122 | 13.7 | 135

n-type after 167.2 | 26.0 99.8 062 044 | 084

The integrated absorbance of Gaussian components corresponding to vibrational frequen-
cies Vp, V3, V4, Vs, and Vg were reduced after light soaking in n-type samples. The relative re-
duction (with respect to before light soaking) in integrated absorbance intensities were 81.92%,
41.97%, 49.34%, 67.8% and 37.78%, respectively for chemical species corresponding to Vs,
V3, V4, V5 and Vg. In the case of p-type samples, the absorbance intensities of the chemical
species with vibrational peaks v,, V4, Vs, and Vg only were reduced. The relative reduction in

integrated absorbance intensities were 68.9%, 10.3%, 31.6%, and 7.9%. This indicates that the
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relative reduction in integrated absorbance intensities of the chemical species SiNyHa, SiNzHp,
Si0y;, SiOy and SiHy, is more in the case of n-type samples than in p-type samples. The re-
duction in chemical species such as SiNx, SiNyHy, SiNzH}, and SiHp, associated with PECVD
SiNx : H film correlates to the degradation in surface passivation as quantified by an increase
in surface recombination current density. Similarly, decreases in the concentration of chemical
species such as Si0O»; and SiOp, were related to changes in the bulk of the samples.

A reduction in the integrated absorbance intensity of a chemical species indicates a reduc-
tion in the concentration of that chemical species. The FTIR measurements of the samples
reveal that the concentration of chemical species containing hydrogen and oxygen reduced after
light soaking under outdoor conditions. For instance, the initial measured hydrogen concentra-
tion in the samples was 2 + 0.2 x 1022 cm™3, which is in agreement with the previous report
[206, 214, 215]. After light soaking, the hydrogen concentration in the samples was reduced
to 1.4 + 0.42 x 1022 cm™>. The reduction in the concentration of hydrogen and oxygen-related
chemical species indicates that hydrogen and oxygen are released from the chemical bonds and
then combined with other chemical species, forming new defect species during exposure to light
and heat, especially for n-type samples. These findings were also supported by experimental
studies carried out by Tokuda et al. [216] and Markevicha et al. [217]. Tokuda et al. [216]
reported light-induced transformation of hydrogen-related electron traps in n-type Cz samples.
Markevicha and Suezawa [217] reported the formation of oxygen-hydrogen (O-H) complex in
Cz-grown silicon samples in the temperature range 30°C to 150°C. The configuration and the
charge state of defects (which depends upon the position of the Fermi level) may change during
illumination/heat by injection of minority carriers. The excess minority carriers generated by
external excitation are captured by the defects. The defects are then transformed into a new
defect state. After the removal of external excitation, the defects can come back to a minimum
energy configuration. The charged defect species can also combine with other chemical species
within the sample resulting in an increase in defect concentration and a reduction in minority

carrier lifetime.

6.2.2.2 Luminescence spectroscopy

To the best of our knowledge, the light-induced degradation in the bulk of Cz-grown n-type
wafers due to oxygen-related species has not been reported previously. Hence, PL spectroscopy

was used to confirm the changes in oxygen-related species in n-type samples. Spectroscopic

92



' ::: Before light soaking
1.81 2wl —— After light soaking
1.6 F.

IRSEN n-type sample

Apgsi =1157 nm

1000 1100 1200 1300 1400 1500
‘Wavelength in nm

Normalized PL
[y
[—}

Mg si

1000 1100 1200 1300 1400 1500
Wavelength in nm

Figure 6.11: Normalized PL spectra (denoised) before and after light soaking for n-type sam-
ples. The inset shows the measured PL spectra of the sample.

PL of n-type samples in the wavelength range from 950 nm to 1540 nm was studied before
and after light soaking. Wavelet-based denoising followed by normalization with respect to
the maximum PL intensity at 1200 nm was applied to the measured PL spectra (shown in the
inset of Figure 6.11) to obtain the PL spectra shown in Figure 6.11. The defect-related PL
band below 1320 nm is due to the intrinsic dislocations within Si bulk [189]. In contrast,
the sub-bandgap PL in the range 1400 nm to 1570 nm is due to the defects and impurities
around the dislocations [218]. One of the components contributing to the PL band nearer to
1500 nm is silicon-oxygen species in the sample [189-192, 218]. Figure 6.9 indicates that
the concentration of silicon-oxygen species within the samples was reduced marginally, which
is in agreement with the FTIR spectroscopic observations of change in silicon-oxygen bonds.
Reduction in silicon-oxygen-related peak in FTIR and PL spectroscopic measurements also
indicate that silicon-oxygen defect in the sample is transformed into some other form of defect
after light soaking. These defects are responsible for bulk degradation, which resulted in the

reduction of bulk lifetime, as shown in Figure 6.5.
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6.2.3 Influence of SiNx : H deposition on hydrogen and oxygen related

defect in Si wafers

Since the defect precursors are developed in the Si samples during dielectric deposition, the
chemical species variations, especially oxygen and hydrogen-related defects in Si samples dur-
ing the dielectric film deposition process, were studied using FTIR spectroscopy. Hydrogen-
related defect species introduced in the Si samples after SiN : H dielectric film deposition, as
evident from the FTIR spectroscopic measurement, is shown in Figure 6.12. The FTIR peak at

2160 cm™! corresponds to SiH defects in the sample.
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Figure 6.12: Normalized absorbance spectra showing Siy vibrational peak at 2160 em™! (a)
in p-type (a) and (b) in n-type Si wafers before and after PECVD SiNx : H dielectric film
deposition process.

The variation in the oxygen-related vibrational peak in the bulk of silicon samples before
and after PECVD SiNyx : H film deposition is shown in Figure 6.13 and Figure 6.14 for p-type
and n-type respectively. Prior to the measurement, the deposited SiNx layer was etched using
HF : HNO3 Solution in order to analyze variation in oxygen peak in bulk Si. The native oxide
formed on the sample surface after the etching process was removed by dipping in HF solution.
An increase in the vibrational peaks of oxygen TD’s at 746 em™! (v5)and Si0y; at 1107 cm™!
(v4)is observed in both p-type and n-type samples passivated with SiNx : H film as shown
in Figure 6.13 and Figure 6.14. The increase in oxygen-related vibrational peaks can be due
to the release of oxygen from substitutional sites and their diffusion to interstitial sites during
dielectric deposition and subsequent annealing process.

In the case of n-type samples, a slight increase in vibrational peak at 818 cm™! ((v7)) corre-

sponding to oxygen-vacancy complex is observed along with the vibrational peaks of TD at 736
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Figure 6.13: Normalized absorbance spectra showing oxygen related vibrational peak in p-type
Si wafer before and after PECVD SiNy : H dielectric film deposition process.

cm~! and SiOy; at 1107 cm™! as evident from Figure 6.14. However, no such change is evident
in p-type samples after SiNx : H deposition, as depicted in Figure 6.13. In addition, the con-
centration of all of the oxygen-related chemical species, particularly SiO»;, is higher in n-type
samples, as inferred from the vibrational peaks in Figure 6.14. As a result of these variations,

the behavior of n-type Si samples during light soaking differs from that of the p-type sample.

6.2.4 Defect analysis using linearized SRH statistics

The SRH statistics commonly depicted in Eq.2.28 correlate the minority carrier lifetime due
to SRH with the excess concentration of minority carriers, denoted as An for electrons and
Ap for holes. The equation for the minority carrier lifetime can expressed as a linear function
of the ratio of excess carrier concentration to the total carrier concentrations. In p-type mate-

rial, the electron lifetime 7. is expressed as a linear function of the ratio of the total electron
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Figure 6.14: Normalized absorbance spectra showing oxygen related vibrational peak in n-type
Si wafer before and after PECVD SiNy : H dielectric film deposition process

concentration to the total hole concentration as shown in Eq.6.4.

np P np  pp
TSRH = <1+Q—+—+X(Q—Q——— ) (6.4)
onNT Po Po Po Po
where X = % and Q = %. on and Op capture the cross-section of the defects for electrons and

holes, respectively. p; and nj are the SRH density terms defined in Eq. ??.
An equation analogous to Eq.6.4 for the hole lifetime in n-type material can also be ex-

pressed as given in Eq.6.5.

TSRH =

@+E+EL+ﬂl_ﬂ_£L0 6.5)

where Y = %

The plot of carrier lifetime as a function of X in p-type (Y in n-type) is linear for a single

defect level.
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In the p-type case, SRH parameters can be extracted by taking the derivative of Eq.6.4 with

respect to X and dividing this by the high injection limit SRH lifetime at X—> 1.

1+Q
TSRH(X— 1) = Ny (6.6)
dtsgg 1 Qnj +p;
X - OtnNT(Q - ) (6.7)
dr
ds)léH _ Q _Qn1+P1 (6.8)

TsRHx—1) 1+Q (Q+1)pg
In the n-type case, SRH parameters can be extracted by taking the derivative of Eq.6.4 with

respect to Y and dividing this by the high injection limit SRH lifetime at Y—> 1.

1 1

T = 1+— (6.9)

SRH(Y—1) = 5 N ( Q)

d 1 1

*SRH. _ L N I (6.10)

dY OtpNT Q ng Qno

dt

ds)léH 1 Qnj +py 6.11)

TSRH(Y— 1) T 1+Q (Q+ Dng

The SRH lifetime of the sample due to the defects created after the light soaking can be
measured from the difference in lifetime before and after light soaking. The linearized Tgryy plot
for p-type and n-type samples is shown in Figures 6.15 and 6.16. The plots can be represented
as a linear combination of two linearized SRH plots corresponding to two defects with different
characteristics. This indicates the possibility that two types of defects (defect 1 and defect 2) are
responsible for the degradation behavior of the sample after light soaking, as shown in Figure
6.15 and 6.16. The defect’s characteristics, such as the capture cross-section ratio of the defects
in both types of samples, are estimated using the linearized SRH statistics as given in Eq.6.11.
Since BO LID is a well-known defect reported in p-type Si, the Q value for defects is estimated
using the BO defect energy levels at Ec —(0.41 +0.02) eV and at Ey +(0.26 - 0.02) eV as
reported in Niewelt et al. [70, 71]. The Q value estimated for defect 2 (shown in Figure 6.15)
when the defect level is at Ec—(0.41£0.02) 1is 7.52 + 0.18, which is comparable with that of BO
defect [70, 71]. The Q values of defects, possibly due to hydrogen-related defects with unknown

energy level positions, are estimated by assuming the defects are located at the mid-band gap in
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Figure 6.16: SRH lifetime versus Y = p/n for n-type samples after light soaking of 111 h.
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the p-type and n-type samples. The Q value for defect 1 in p-type samples is 2.12. In the case of
n-type samples, the defects formed during light soaking have Q values different from those of
p-type samples. The estimated Q value is 0.69 and 2.85 for defect 1 and defect 2, respectively,

in n-type samples. Most of the research on HID has focused on p-type samples subjected

Table 6.2: Defect parameters for p-type and n-type samples.

Samples | Defects | Defect Energy level | Ration of cap-
(eV) ture Cross sec-
tion
p-type Defectl | ET=E; 2.12
Defect2 | ET=Ec-+£0.41[70, 71] | 7.79
n-type Defectl | ET=E; 0.69
Defect2 | ET=E; 2.85

to light soaking under controlled laboratory conditions, such as halogen lamps and hot plate
annealing [10-21]. Consistent with these studies, the experimental results in this study also
showed degradation when exposed to light and heat under normal ambient conditions. Chen
et al. [22-23] recently investigated HID behavior in non-diffused Cz grown n-type samples
with PECVD SiNx:H layers subjected to light soaking (0.96 kW/m? halogen lamp) at elevated
temperatures (75°C and 172°C on a hot plate). They reported an increase in defect concentration
due to surface degradation in non-diffused n-type samples, although the bulk lifetime remained
stable. In contrast, studies by Kang et al. observed degradation followed by recovery behavior in
n-type samples at 140°C. Previous studies were limited to electrical characterization techniques,
such as minority carrier lifetime measurements, to analyze degradation in silicon samples due

to light and heat.

6.2.5 Comparison of Results in this work with existing literature

Most of the research on hydrogen-induced degradation has focused on p-type samples subjected
to light soaking under controlled laboratory conditions, using methods such as halogen lamps
and hot plate annealing [18, 29, 33, 34, 36, 38, 41, 162, 163, 183]. These studies primarily
employed only electrical characterization techniques, such as minority carrier lifetime mea-
surements, to analyze the degradation in silicon samples due to light and heat. Consistent with
previous studies, the experimental results in this study also showed degradation without any

recovery when exposed to light and heat under normal ambient conditions. Chen et al. [21, 22]
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recently investigated HID behavior in non-diffused Cz grown n-type samples with PECVD
SiNx : H layers subjected to light soaking (0.96 kW/m? halogen lamp) at elevated temperatures
(75°C and 172°C) on a hot plate). They reported an increase in defect concentration due to
surface degradation in non-diffused n-type samples, although the bulk lifetime remained stable.
In addition, these non-diffused samples didn’t exhibit any recovery of electrical characteristics
even after a prolonged light soaking duration for several hours. Later on, studies by Kang et al.
observed degradation followed by recovery behavior in n-type samples at 140°C [23]. In this
study, an increase in defect concentration was observed in SiNy : H passivated n-type samples
due to defects formed both at the surface and within the bulk, which contrasts with the findings
of Chen et al [21, 22]. Additionally, unlike the results reported by Kang et al.[23], the light-
soaked samples in our study did not exhibit any regeneration in electrical characteristics even
after 110 hours of light soaking under normal ambient conditions. The spectroscopic studies
indicate that the degradation of samples during light soaking under normal ambient conditions
is due to oxygen and hydrogen-related species, particularly in n-type samples, which has not

been previously reported.

We expanded our investigation to include industrial-grade diffused mono and multicrys-
talline silicon, commonly used in solar cell manufacturing, as opposed to VLSI-grade Si wafers.
The study was conducted in a controlled laboratory environment with the help of equipment that
can effectively reproduce environmental conditions. Our objective was to analyze the influence
of the emitter on the degradation process. The recombination characteristics of variation due to

light and heat in the SiNx : H passivated diffused Si samples are discussed in Chapter 7.

6.3 Summary

In this work, we utilized FTIR and PL spectroscopic techniques for identifying the chemical
species involved in the light-induced degradation of PECVD SiNy : H deposited samples under
outdoor conditions. FTIR analysis revealed a change in the concentration of chemical species
such as SiNx, SiNyHa, SiNzHyp, SiHp, SiO»; and SiOy. The change in SiNx, SiNyHa, SiNzHy,
and SiHj, associated with PECVD SiNx : H film correlates to surface degradation while the
change in SiOy; and SiOy correlates to bulk degradation of both p-type and n-type samples.

Furthermore, PL spectroscopic analysis confirmed the involvement of oxygen-related defects
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in the degradation mechanism of n-type samples following light soaking. Although the pre-
cise chemical nature of the defect remains unknown, analysis using linearized SRH statistics
suggests the possible emergence of two defects during light soaking in both p-type and n-type
samples. Notably, within p-type samples, one of these defects is associated with the BO com-

plex, a conclusion supported by the calculation of the capture cross-section ratio.
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Chapter 7

Comprehensive Analysis of
Recombination Characteristics due
to Illumination Under Elevated
Temperature in Monocrystalline

and Multicrystalline Wafers

Previous studies indicate that LeTID was first observed in boron-doped multicrystalline sili-
con solar cell structures with initial degradation followed by regeneration [13, 19, 27-29, 31—
33, 35, 37-40]. Later on, similar behavior was observed in Cz-grown monocrystalline silicon
samples also [18, 22, 23, 41]. However, the extent of LeTID varies significantly across these
test structures, influenced by factors such as the position of the Fermi level, the intensity of il-
lumination, and the annealing temperature [42—44]. Additionally, the extent of LeTID depends
on fabrication process conditions, including the emitter diffusion profile [28, 30], dielectric
passivation technique [29, 33-35], and firing profile [19, 27, 31, 32]. There are limited studies
comparing the behavior of solar cells having different bulk characteristics, but fabricated using
the same process technology under identical light soaking conditions.

This work presents a detailed analysis of the variation in recombination characteristics of Si
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wafers with different bulk qualities when subjected to light and heat. The findings of this re-
search are significant and contribute to the understanding of the LeTID behavior in industrial
mono and multicrystalline Si wafers. Various characterization techniques, such as band-to-band
PL imaging, lifetime measurements, and quantum efficiency measurement techniques, are used
for analyzing the LeTID behavior of the test structures. The band-to-band PL imaging technique
was used to study the spatial variation of light-induced degradation and regeneration behavior
of the test structures. Further, the impact of light and heat on the emitter surface and bulk was
investigated separately as a function of annealing duration using lifetime measurement. The re-
sults suggest that bulk lifetime determines the overall recombination characteristics. However,
the surface also shows significant variation due to light and heat treatment. It is also evident
that the LeTID behavior is different at the surface and bulk, which in turn differ based on the
bulk quality. The variation in LeTID behavior of surface and bulk was further validated with
quantum efficiency (QE) measurements in c-Si and mc-Si industrial solar cells. In addition, the
importance of emitter in determining LeTID and subsequent regeneration characteristics is also

presented.

7.1 Experimental Methods

7.1.1 Sample preparation and characterization

6-inch boron doped, 180 wm thick, industrial grade Cz grown c-Si and block cast mc-Si wafers
with bulk resistivity of 1-3 Qcm were used in this study. Symmetrically diffused and passivated
test structures were fabricated on these wafers following the process flow shown in Figure 7.1.
The processing conditions were identical for both c-Si and mc-Si samples except for the textur-
ization process. Potassium hydroxide - potassium silicate - isopropyl alcohol (KOH - K,SiO3 -
IPA) alkaline solution and hydrofluoric acid - nitric acid (HF-HNOj3) solution were employed to
generate random upright pyramid and inverted scallop textures respectively on c-Si and mc-Si
wafers. The exact process details are described in [219-221]. Subsequently, both groups of
textured wafers underwent phosphorous diffusion on both sides. The diffusion was performed
in a tube furnace (Pro- temp USA, Sirius PRO 200) using phosphorus oxychloride (POCl3)
as the dopant source at 830°C peak diffusion temperature. Further, the phosphosilicate glass

(PSG) formed during the phosphorous diffusion was removed by soaking the wafers in 2% HF
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Figure 7.1: Process flow for the fabrication of test structures used for studying the LeTID and
regeneration effects in diffused and non-diffused silicon wafers.

solution. A stack of low-temperature thermal oxide (LTO) and PECVD SiNy : H was used for
passivating the double-side diffused wafers. LTO was grown in the same diffusion tube furnace
at 600°C for one hour. Subsequently, SiNx:H film was deposited at a temperature of 380°C for
6 min using the PECVD system (Oxford Instruments, Plasmalab 100). Finally, firing at a peak
temperature of 770°C for about 30 s was done to improve the effectiveness of passivation us-
ing a rapid thermal processing (RTP) tool (Allwin21 Corp., AW 610). In addition, double-side
polished (DSP), Cz grown, <100> oriented, 300 um thick, n-type wafers with a resistivity of
1-5 Qcm were also used to study the LeTID and regeneration mechanisms in non-diffused sil-
icon wafers. PECVD SiNy : H film deposited with similar process conditions discussed above
was used for passivating the surfaces of n-type polished wafers. The schematics of the test
structures used in the study are shown in Figure 7.2. The thickness and refractive index (RI)
at 630 nm of SiNy : H film deposited on polished wafers were 104 nm and 2.1, respectively.
A spectroscopic ellipsometer (Semilab SE 2000) was used for thickness and RI measurements.
Representative industrial AlI-BSF c-Si and mc-Si solar cells were also used for light-soaking
experiments. The partially processed solar cell test structures were subjected to light soaking
in a xenon test chamber under the elevated temperature of 75°C for up to 125 hours (h). The

xenon test chamber (Q-SUN Xe-3) used in this study effectively reproduces the environmental
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Figure 7.2: Schematics of the test structure used in the analysis.

conditions with the full spectrum of sunlight, heat, and moisture [222]. A schematic diagram of
Xenon test chamber is shown in Figure 7.3. The light-soaked test structures were characterized

regularly after cumulative light soaking durations of 24 h, 46 h, 67 h, 88 h, 112 h, and 125 h to

study the degradation and regeneration behavior.
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Figure 7.3: Schematic diagram of Xenon test chamber (Q-SUN Xe-3) used for effective repro-
duction of environmental conditions.

The LeTID and regeneration behavior of the samples were characterized using band-to-
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band PL imaging, minority carrier lifetime measurements, and QE measurements. The samples
were placed back into the xenon test chamber immediately after each set of characterization
measurements. Band-to-band PL emission from the samples was measured using a 660 nm
light-emitting diode source PL system (Greateyes Lumisolar tool). The effective minority car-
rier lifetime 7. of the samples was measured using a lifetime tester (QSSPC Sinton WCT 120).
The changes in quantum in the wavelength range of 300 nm to 1200 nm of light-soaked c-Si
and mc-Si solar cells were measured using the QE measurement system (Bentham PVE 300)
to verify the degradation and regeneration behavior at the emitter and bulk of c-Si and mc-Si

samples.

7.2 Results and discussion

7.2.1 Photoluminescence imaging

The spatial variation in PL intensity as a function of light soaking duration for the representative
lifetime samples from the c-Si and mc-Si groups is shown in Figure 7.4. The histogram varia-
tions before light soaking (t = 00 h) and after light soaking for 24 h (t =24 h) and 88 h (t =88 h)
are shown below the PL images. In the case of diffused c-Si wafers, the PL intensity degraded
uniformly throughout the wafer within 24 h of light soaking. The corresponding reduction in
average PL intensity count was from 3.8 x 10* to 2.6 x 10*. After 24 h of light soaking, the
brighter region with relatively higher PL intensity showed a continuous improvement in the
PL intensity till the entire 125 h of light soaking. The regeneration in c-Si samples after 88
h of light soaking is visible in the histograms. The PL count distribution after 88 h of light
soaking lies between the degraded state (t = 24 h) and the initial state (t = 00 h). Interestingly,
the defective regions with relatively lower PL intensity grew further and extended towards their
nearby regions as light soaking duration increased, as indicated by rectangular regions marked
in broken green and blue lines. Similar behavior is observed for mc-Si samples as well all over
the sample area, where the growth of defective regions continuously increased for a longer light
soaking duration. In contrast to c-Si samples, the presence of larger defective regions in mc-Si
samples has resulted in the absence of any regeneration in overall PL count, as is evident from
the histograms. PL intensity variations of c-Si and mc-Si samples indicate that samples with

different bulk qualities behave differently in response to light and heat.
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Relatively higher concentrations of metallic defects and crystallographic defects, such as grain

¢-Si

mc-Si
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Figure 7.4: The spatial variation in PL intensity as a function of light soaking duration for the
representative lifetime samples from c-Si and mc-Si groups. The histograms at different light
soaking durations t = 00 h, t = 24 h, and t = 88 h are shown below the PL images.

boundaries, are present in mc-Si wafers. The behavior of LeTID-related defects and defect pre-
cursors is different in the grain and at the grain boundaries [14, 31]. The PL images indicate the
extended growth of defective regions in both c-Si and mc-Si samples. The high density of defec-
tive regions and their extension towards nearby regions during light soaking in mc-Si together
retarded the regeneration process by hindering the diffusion of defect species towards the get-
tering sites in mc-Si samples [223, 224]. The variation in implied open circuit voltage (iVoc)
of ¢-Si and mc-Si samples measured at five different regions as a function of light soaking du-
ration is shown in Figure 7.5 (a) and (b) respectively. The regions A, B, C, D, and E correspond
to the center, top right, top left, bottom left, and bottom right circular areas of 2-inch diameter
within the 6-inch square sample, as shown in Figure 7.5 (c). The trend followed by iV is
similar at all five regions for c-Si samples, with an initial decrease of about 7 mV within 24
hours followed by gradual regain in iVoc up to S mV for longer light soaking durations. How-
ever, in the case of mc-Si samples, the trend followed by 1V ¢ during light soaking differs from
region to region as seen in Figure 7.5 (b). It also indicates that the change in magnitude of iV
and its kinetics during degradation and subsequent regeneration phase is significantly different

at different locations within mc-Si wafers. Unlike in PL images, the regeneration trend is no-
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Figure 7.5: Variation in iV as a function of light soaking at five different regions for (a) c-Si
and (b) mc-Si samples. The schematic diagram given in Figure 7.5 (c) shows the five different
locations where 1V is measured.

ticed in iV values at all five measured regions of mc-Si samples. The non-uniform behavior
of samples during LeTID and subsequent regeneration was further analyzed using the lifetime

measurements.

7.2.2 Lifetime characterization

The variation in T measured at excess carrier density (An) of 101 cm™3 at five different
locations of c-Si and mc-Si samples as a function of light soaking duration is shown in Figure
7.6 and 7.7 respectively. Effective lifetime curves as a function of injection level measured at
the center of the samples are shown on the inset of Figure 7.6 and 7.7, respectively.

It is clear from these figures that for both c-Si and mc-Si samples, the maximum variation in

Teff Was noticed in the injection regimes, where SRH defects limits the lifetime. The variation
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Figure 7.6: The variation in excess minority carrier lifetime (measured at An = 1015 ecm™3)
of c¢-Si samples as a function of light soaking duration. Inset shows the effective lifetime of
minority carriers measured as a function of An at the center of the sample.
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Figure 7.7: The variation in excess minority carrier lifetime (measured at An = 1015 cm™)
of mc-Si samples as a function of light soaking duration. Inset shows the effective lifetime of
minority carriers measured as a function of An at the center of the sample.
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in Tegr Was significant for both c-Si and mc-Si close to one sun injection condition. The average

value of T.s measured at An of 101° cm™3

was reduced from 75 us to 59 pus and 58 ps to 49 us,
respectively for c-Si and mc-Si samples. Light soaking for 88 h resulted in a regain of T to
72 us for c-Si samples. However, in the case of mc-Si samples, light soaking up to even 125 h
did not result in any significant regeneration in Teg in agreement with the iV trends. Figure
7.4 confirms that the extent of LeTID and subsequent regeneration effect was greater for c-Si
samples. This also indicates the injection dependency of degradation and regeneration kinetics
due to the difference in the bulk quality of c-Si and mc-Si wafers [42, 43]. Injection dependent
Teff 15 @ measure of the overall recombination characteristics, which include both surface and
bulk recombination components. Some other recent studies also showed that LeTID-related
defects can impact the surface as well [30, 49].

Hence, we estimated the emitter surface recombination current density (Jog) and bulk life-
time (7g) components from the lifetime measurements to investigate the influence of LeTID on
surface and bulk separately. Jos term was estimated from the inverse Auger corrected carrier
lifetime (TAygerCorrected) curves obtained from the Sinton lifetime tester using Kane-Sawnson
method following the equation represented in Eq.6.2 and Eq.6.3 [225];

Figures 7.8 show the variation in Jpg and 7g as a function of light soaking duration for c-Si
and mc-Si samples, respectively. For c-Si samples, g degraded from 158 us to 97 ps within
24 h of light soaking. As the light soaking duration increased, bulk quality improved, as seen
in Figure 7.8 (a), and stabilized beyond 88 h of light soaking. The increase in average g was
about 40 ps after 88 h of light soaking. The regeneration in bulk lifetime is possibly due to the
transformation of recombination active LeTID-related defects and their gettering at the emitter
surface [14]. Interestingly, Jos follows a trend opposite to that of 7g during light soaking, as
evident from Figure 7.8 (c). The surface component Jyq showed an initial decrease followed
by a consistent increase as light soaking progressed. The initial decrease in the average value
of Jos was from 166 fA/cm? to 119 fA/cm? for the initial 24 h of light soaking. After 88 h of
light soaking, the average value of Jq increased by 22 fA/cm? and stabilized at 141 fA/cm?.
The initial reduction in Jog implies that the emitter surface recombination was reduced in c-
Si samples, possibly due to hydrogen diffusion towards the surface. Further, as light soaking
progressed, emitter surface degradation increased due to the formation of LeTID-related defects
at the emitter surface. mc-Si samples also showed a significant degradation in g from 102 ps

to 78 us during the first 24 h of light soaking. The change in average 7g in mc-Si samples
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Figure 7.8: The variation in 7g and J as a function of light soaking duration of c-Si and mc-Si
samples.

was relatively lower than that of c-Si samples. As discussed earlier, this can be attributed
to the difference in the behavior of defects and defect precursors with crystallographic and
other defect locations in multicrystalline wafers [14, 31, 223, 224]. Unlike c-Si, mc-Si samples
did not show significant improvement in average bulk lifetime with a further increase in light
soaking duration, as seen in Figure 7.8 (b). However, the surface component showed a small
but gradual improvement with light soaking, and the decrease in J after light soaking of 125 h
was only 21 fA/cm?. The reduction in J 0s 1Implies a reduction in surface recombination in mc-
Si samples, possibly due to hydrogen diffusion towards the emitter surface. Figure 7.8 (d) also
suggests that unlike in c-Si samples, there was no significant formation of LeTID-related defects
at the emitter of mc-Si samples even after light soaking for up to 125 h. This can be correlated
to studies by Xiao et al. [49], where surface degradation was observed only beyond 280 h of

light soaking at 122°C. Hence, it can be concluded that LeTID at the emitter is much slower
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than in bulk. Moreover, the initial bulk quality of the wafer further determines the kinetics of
degradation. It is evident that bulk degradation is marginal and limits the overall reduction in
Teff 1rrespective of the decrease in Jog. However, the role of Jyps can be very significant as the
emitter response decides the overall performance of solar cells, especially for high-efficiency
architectures like PERC and tunnel oxide passivated contact (TOPCon). The significance of
emitter in the regeneration process was further confirmed by analyzing LeTID behavior in non-

diffused samples, as discussed below.

7.2.2.1 Significance of emitter in determining LeTID and subsequent regeneration

Figure 7.9 (a) shows T variation in the passivated n-type sample without emitter diffusion as

a function of An for different duration of light soaking. A gradual reduction in T from 250

3

us to 20 us measured at An = 1019¢m3 is observed for non-diffused samples after 110 h of

light soaking. The lifetime degradation in the non-diffused samples after light soaking is due
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Figure 7.9: (a) Variation in minority carrier lifetime characteristics as a function of excess
carrier density in non-diffused Cz samples at different light soaking durations. (b) The corre-
sponding changes in surface component Jyg and bulk lifetime 7g as a function of light soaking
duration.

to the formation of defects with high recombination activity positioned closer to the mid-band
gap energy levels. The surface and bulk recombination components related to LeTID were also
estimated from Auger-corrected lifetime curves for this group of samples, and variations are
shown in Figure. It is clear from Figure 7.9 (b) that both surface and bulk are consistently
degraded due to prolonged illumination under elevated temperatures. The decrease in Tufr is

associated with an increase of about 350 fAcm? in Jos and a decrease of 225 us in 7g. Unlike

in diffused samples, severe degradation is observed at the surface in non-diffused samples. In
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addition, non-diffused samples did not show any recovery trend in 7. and Jog till the end of

light soaking. These results show that diffused emitter not only aids in regeneration in the

bulk lifetime, but also in preventing the severe recombination loss at the surface. Unlike in

diffused samples, severe degradation is observed in non-diffused samples. In addition, non-

diffused samples did not show any recovery trend in T till the end of light soaking. This is

in agreement with previous reports of [21, 22]. Comparing these results with diffused emitter

samples shows that the presence of emitters aids in bulk lifetime regeneration by separating

impurities from the bulk during illuminated annealing for a time greater than 24 hours. This is

because heavily doped emitter structures act as gettering centers for defects.

7.2.3 Quantum Efficiency
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Figure 7.10: QE variation in c-Si and mc-Si solar cells at t =00 h, t =24 h and t = 88 h of light

soaking.
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The extent of degradation and regeneration at the surface and bulk of c-Si and mc-Si lifetime
samples were also analyzed by comparing the QE curves of ¢-Si and mc-Si solar cells. The
variation in QE of c-Si and mc-Si solar cells at t = 00 h, t = 24 h, and t = 88 h of light soaking
are shown in Figure 7.10. It is evident from Figures 7.10 (a - d) that the degradation and
regeneration behavior of c-Si and mc-Si solar cells are different. For c-Si solar cells, there was
areduction in QE corresponding to the deep bulk (wavelength above 600 nm) after 24 h of light
soaking but regained nearly back to the initial values after 88 h of light soaking (Figure 7.8
(b)). The QE corresponding to the surface (wavelength below 500 nm) shows a trend opposite
to that of deep bulk. As seen in Figure 7.10 (a), the QE shows a marginal increase after 24
h of light soaking and then decreases towards the initial condition as light soaking progresses.
This agrees with the Jog trend in Figure 7.8 (b). Similar to c-Si solar cells, a reduction in QE is
observed after 24 h of light soaking in mc-Si solar cells for the wavelength range above 600 nm.
However, regain in QE is not as significant even after 88 h of light soaking, as seen in Figure
7.10 (d). The QE response in the lower wavelength range below 600 nm slightly increases
for both t = 24 h and t = 88 h (Figure 7.10 (c)). These patterns of variation in QE at various
light soaking conditions for both groups of cells agree with the recombination current density

variations on the surface and in the bulk of the test structure given in Figure 7.8.

7.2.4 Comparison of Results in This Work with Existing Literature

Consistent with previous research, this study observed that c-Si silicon samples initially de-
graded and subsequently regenerated in their lifetime characteristics during light soaking at
elevated temperatures. However, the maximum extent of degradation varies depending on fac-
tors such as emitter diffusion, passivation techniques, firing profile, bulk doping, light soaking,
and annealing conditions. In line with previous studies, a higher degradation is observed in the
c-Si samples compared to mc-Si samples. The extent of degradation reported in earlier stud-
ies is summarized in Table 7.1. In addition, monocrystalline samples showed more than 90%
recovery in lifetime characteristics as reported in previous studies. In contrast, mc-Si samples
exhibit limited recovery of electrical properties due to the high concentration of defects within
the bulk.

There appear to be no studies on the LeTID-related recombination characteristics of the
emitter surface and bulk in commercially viable silicon solar cell structures with varying bulk

qualities. Therefore, in this work, we analyzed the recombination characteristics at the emitter
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Table 7.1: Extent of LeTID reported in diffused samples passivated with PECVD SiNy : H in
the literature and in this work.

Test structure Maximum Light soaking Peak firing Ref.
extend of Conditions tempera-
degrada- ture
tion
SiNx : H/n*/p—mc—-Si/n*/SiNy : 70% 75°C, 1 Sun 900°C [31]
25% 175°C, Dark An- 720°C [19]
nealing
40% 175°C, 1 Sun 800°C [19]
SiNy : H/n*/p—Cz-Si/n*/SiNy : 50% 175°C, 1 Sun 800°C [22]
SiNyx : H/n*/n—Cz-Si/n*/SiNy : 30% 175°C, 1 Sun 800°C [21,
22]
SiNyx : H/mc—-Si/SiNyx : H 30% 220°C, 2 Sun 800°C [201]
SiNyx : H/n*/p—mc—Si/n*/SiNy : 14% 75°C, 1 Sun 770°C This
work
SiNx : H/n*/p—Cz-Si/n*/SiNy : 24% 75°C, 1 Sun 770°C This
work

surface and within the bulk of both types of samples. Our study reveals that the emitter and

bulk exhibit different recombination characteristics. However, the bulk determines the overall

recombination behavior, consistent with previous studies [20, 23]. The surface recombination

characteristics show no degradation even after 125 hours of light soaking. This behavior was

further confirmed using quantum efficiency measurements.

Considering the impact of both light and heat on the lifetime of charge carriers and the

quantum efficiency of sample test structures, it is evident that these factors play a crucial role in

determining the performance parameters of finished solar cells. The upcoming chapter delves

into the changes in performance parameters and recombination characteristics observed in in-

dustrial Si solar cells under the influence of light and heat.
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7.3 Summary

This study explored the response of both bulk and emitter surfaces in c-Si and mc-Si wafers
when subjected to illuminated annealing. The research revealed a degradation followed by re-
generation in bulk lifetime for both diffused c-Si and mc-Si wafers. However, mc-Si exhibited
lower degradation and regeneration, primarily due to a higher concentration of grain boundary
defects and metallic impurities.

It was observed that the behavior of the bulk material played a significant role in determining the
overall LeTID and regeneration kinetics in both c-Si and mc-Si samples. Even after 125 hours
of light soaking, the recombination at the emitter surface remained lower than the initial levels
in both c¢-Si and mc-Si samples, potentially due to hydrogen diffusion during light soaking. In
the case of diffused c-Si samples, light soaking beyond 24 h increased surface recombination
current density, likely attributed to the formation of surface LeTID defects. The presence of an
emitter was found to be crucial not only in determining the behavior of the Si-SiNx: H interface

but also in the regeneration of the bulk.
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Chapter 8

Analysis of Variation in
Recombination Characteristics due
to Light and Heat in Industrial

Silicon Solar Cells

The existing literature on finished solar cells mainly addresses performance stability analysis of
cells and modules [15, 45], comparisons of performance parameters for different cell architec-
tures [46, 47], the impact of process parameter variations [32, 39, 40, 46, 48], the estimation of
defect formation and transformation activation energies [39, 42, 43], and mitigation measures
[39, 40, 4244, 48]. While variations in cell performance parameters have been reported, no
in-depth characterization or analysis of the contributing factors has been reported.

In addition to current-voltage analysis, spectral response measurements are commonly used to
characterize LeTID behavior in silicon solar cells [40, 46—49]. Cho et al. [47] observed vari-
ations in EQE in the wavelength range of 700 nm to 1000 nm after light soaking. Maischner
et al. [40] and Hu et al. [48] attributed LeTID to deep bulk defects by comparing EQE in the
long wavelength range. Padmanabhan et al. [46] noted variations in spectral response from
500 nm onwards during one-sun illuminated annealing at 909C. Additionally, Xiao et al. [49]
recently reported long-term degradation in the surface and subsurface regions based on light

beam-induced current variations at 406 nm and 658 nm wavelengths for light soaking durations
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beyond 280 hours. These studies suggest that attributing LeTID solely to deep bulk defects may
not be appropriate for all light soaking conditions, necessitating more detailed investigations.
Since hydrogen is considered the main cause of LeTID, it potentially impacts the silicon-
SiNx : H interface, diffused emitter, space charge region, bulk, and rear of the solar cells. To
our knowledge, there have been no studies examining recombination within the space charge
region due to illuminated annealing and its influence on solar cell performance parameters.
Discussions related to variations in open-circuit voltage have been limited to either deep bulk
defects [40, 47] or LeTID and subsequent regeneration kinetics [32, 46—48]. Although LeTID
and regeneration in fill factor have been discussed elsewhere [40, 46, 47], no detailed analyses
of factors contributing to FF variation are available. Therefore, it is necessary to classify the
factors contributing to LeTID and subsequent regeneration in silicon solar cells.

In this section, the characteristics of monocrystalline and multicrystalline silicon aluminum
back surface field (AI-BSF) solar cells on exposure to light and heat are discussed. Al-BSF so-
lar cells were selected over PERC cells as the former has only a single hydrogen source i.e. the
SiNx : H at the front side, which makes the analysis much simpler. This work utilizes the two
diode model parameters for identifying the factors contributing to variations in performance
parameters. The role of different regions, such as emitter space charge and the bulk of solar
cells in LeTID and subsequent regeneration behavior, is discussed in this chapter. Furthermore,
a detailed investigation of spatial nonuniform behavior of recombination characteristics of the

cells during the degradation and regeneration phase is also described.

8.1 Experimental methods and characterization

In this study, we used boron-doped monocrystalline and multicrystalline (156.75 x 156.75 mm?,

thickness 180+£20 p, base resistivity 1-3 Qcm) Al-BSF industrial solar cells. The schematic
cross-section of the device is shown in Figure 8.1. These cells were subjected to light soaking
using a xenon test chamber under the elevated temperature of 75°C for up to 125 hours (h).
The light-soaked cells were characterized at various points in time during light soaking (the
cumulative time period of 24 h, 46 h, 67 h, 88 h, and 125 h) to study the degradation and re-
generation behavior. The cells were placed back in the xenon test chamber immediately after
the measurement. The LeTID behavior of the cells was characterized using J-V, suns-Vqc,

and LBIC measurements. The illuminated J-V characteristics of the solar cells were measured
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Figure 8.1: Schematic cross-section of the device used in the study.

under standard test conditions of 100 mW/cm? intensity, AM 1.5G spectrum, and 25°C using
a class AAA solar simulator (Abet Technologies Sun 3000). Further, the series resistance (Rs)
values were estimated from J-V measurements for two different illuminations of 1 sun and 0.1
sun following the Bowden method [193]. The two-diode model recombination current density
components were extracted from pseudo J-V characteristics measured using Suns-Voc illumi-
nation voltage tester from Sinton Instruments [194, 195]. EQE maps were generated using an
LBIC tool (Semilab WT-2000PVN) at four available wavelengths of 407 nm, 658 nm, 877 nm,
and 984 nm. In the following discussion, mono and multi correspond to monocrystalline and
multicrystalline Al-BSF solar cells, respectively, with batch average efficiencies of 20% and

18.28%. The batch size was four from each group.

8.2 Experimental results and discussion

8.2.1 Variation in performance parameters

The absolute variation in efficiency of mono and multi solar cells as a function of light soaking
duration is shown in Figure 8.2. The open square and horizontal lines in Figure 8.2 correspond
to the mean and median, respectively, of the data points. The mean and median values are
almost the same for all light-soaking conditions. Hence, the mean value is used as represen-
tative of the data points in the subsequent discussions to highlight the functional dependency.

Variations in normalized (with respect to values before light soaking) performance parameters
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Figure 8.2: Variation of efficiency of mono and multi solar cells as a function of light soaking
time.

are given in Figure 8.3. As a guide to the eye, a line is drawn between the data point corre-
sponding to the initial condition and degraded condition after light soaking of 24 h. During
the regeneration process, normalized performance parameters follow an exponential fit [43, 44]
as depicted by continuous lines in Figure 8.3. Both mono and multi solar cells showed signif-
icant initial degradation within 24 h, followed by regeneration. The change in batch average
efficiency after 24 h of light soaking was from 20% to 19.48% and from 18.28% to 17.90% for
mono and multi solar cells, respectively. This corresponds to a relative reduction in efficiency
of 2.66% and 2.06%, respectively for mono and multi solar cells, as shown in Figure 8.3 (a).
This efficiency loss was attributed to an average reduction of 5.92 mV and 3.75 mV in Vg,
0.55 mA/cm? and 0.43 mA/cm? in Jsc and 0.45% and 0.38% in FF for mono and multi solar
cells, respectively. Light soaking up to 125 h has resulted in regaining of efficiency with batch
average value improving to 19.89% and 17.96% for mono and multi solar cells, respectively.
Interestingly, the performance parameters V¢ and FF were regenerated to 99.5% of the initial
condition for both mono and multi solar cells after 67 h of light soaking as shown in Figure 8.3
(b) and (d). Figure 8.3 (c) indicates that Jgc has maximum degradation among the performance
parameters and shows a near-saturation behavior beyond 67 h of light soaking for both mono
and multi solar cells.

LeTID is reported to be a carrier-induced degradation mechanism where the degradation kinet-
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Figure 8.3: Variation in normalized performance parameters of mono and multi solar cells as a
function of light soaking time.

ics is directly correlated with the density of excess carriers generated in the device. The higher
the carrier concentration, the higher the rate of transformation of defect precursors to recom-
bination active defects [42, 174]. For a fixed illumination, the excess minority carrier density
will be lower in multicrystalline samples as compared to monocrystalline wafers due to the
presence of crystallographic defects such as grain boundaries and metallic defects [226, 227].
Hence, mono cells are expected to exhibit a higher rate of degradation and regeneration than
multi cells. Sio et al. have observed a lower LeTID in multi than in Cz and mono-like sam-
ples [20]. Figure 8.3 indicates that mono cells show more degradation and better regeneration
compared to multi cells. Different degradation and regeneration trends for monocrystalline and
multicrystalline solar cells affirm that LeTID behavior depends on the type, concentration, and
distribution of defects within the wafer. Since all the performance parameters show signifi-

cantly different degradation and regeneration characteristics for both the groups of solar cells,
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the two-diode model analysis was employed to study the factors contributing to the variation in
performance parameters [49, 228-231]. In the two-diode model, four sets of parameters Jg,
Jo2, Rs, and Ry, are used to represent the recombination and resistive components of single
junction silicon solar cell. The ideality factors; ny and n; are fixed respectively to 1 and 2 while
fitting the 2-diode model parameters. The recombination current density J, corresponds to the
recombination loss within the space charge region. In contrast, J;; corresponds to the recombi-
nation loss in the rest of the solar cell, such as silicon-SiN : H interface, diffused emitter, bulk,
and rear sides of the cell. Rg and Ry}, represent the effective series and shunt resistance values
across the terminals of the solar cell. Jy; and J, are estimated from Suns-Vpc measurements

while Rg and Rgy, are estimated from lighted J-V measurement.

8.2.2 Variation in two model parameters

Figure 8.3 (a-d) shows J; and Jp, Rg and Rgy, variation with light soaking for both mono and
multi solar cells. The trend followed by Jg; and Jgp in Figure 8.4 (marginal increase followed
by gradual decrease) is in agreement with that of the performance parameter in Figure 8.2. No
significant variation in Rg and R}, values were noticed for both the groups of solar cells, con-
firming that light soaking has not introduced any additional resistive losses in the solar cells.
Consistent variations in Jg suggest that the space charge region is also affected significantly
during both degradation and regeneration. The variation in Jy; and J3, was severe for mono
solar cells with an increase in Jp; and Jpp of 101 fA/cm? and 12 nA/cm?, respectively for a
light soaking duration of 24 h. Further, the elevation in Jg; and Jg, (with respect to values
before light soaking) reduced to 53 fA/cm? and 7 nA/cm? respectively beyond 67 h of light
soaking. For multi solar cells, the increase in J; and J, after 24 h of light soaking were about
68 fA/cm? and 6 nA/cm? respectively. For 67 h and 88 h of light soaking, J3; was reduced
further only by a value of 10 fA/cm? and 28 fA/cm? respectively, indicating that the recovery
in Jgo was much slower in multi solar cells. In addition, no appreciable improvement in J, was
observed during the regeneration phase. This indicates that, unlike mono samples, there was no
regeneration within the space charge region for multi cells. The defects formed within the space
charge region of the multi cells during LeTID were retained there itself during the regeneration
phase. The comparatively smaller variation in Jy; and Jp, among the multi solar cells during

the regeneration phase is consistent with the lower regeneration trends depicted in Figure 8.2.
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Figure 8.4: Jo; and Jn, R and Ry, variation with light soaking for both mono and multi solar
cells.

8.2.3 Fill Factor loss analysis

For single junction silicon solar cells, the FF value is influenced by all four parameters of
two diode model: (Jo; and Jop, Rs and Rgp) [193, 229-231]. A detailed FF loss analysis was
employed for all the light-soaked mono and multi solar cells following the method proposed by
Khanna et al. [196]. Figure 8.4 (a-d) shows the variation in FF loss due to Jy;, Jg2, Rs and Ry,
of both mono and multi solar cells after light soaking.

Both mono and multi solar cells exhibited only marginal variation in Ry for the entire 125 h of
light soaking (see Figure 8.4 (c)). Hence, no change in FF loss due to Rs, AFF(Rg), was noticed
after light soaking. The average of AFF(Rg) during the entire light soaking duration was 1.05 %
and 0.3 % respectively, for mono and multi solar cells as shown in Figure 8.5 (c). AFF(Rg) was
lower for multi due to lower R (see Figure 8.4 (c)). The values of Ry}, were always greater than

150 kQ cm? during the entire light soaking period for both the group of cells (Figure 8.4 (d)).
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Such high Rgy, values assured zero FF loss due to Ry, for both mono and multi solar cells (see
Figure 8.5 (d)). Hence, the loss and regeneration in FF during the light soaking can be mainly
attributed to the variation in J; and Jgp.

The FF loss due to Ji1 and Jq, after light soaking are shown in Figure 8.5 (a) and (b). AFF(Jg1),
and AFF(Jp), represent the absolute loss in FF due to Jy; and Jy, respectively. The major
component of FF loss was due to Ji; for both mono and multi cells. Both AFF(J1) and AFF(Jp)
were higher for multi solar cells due to the higher recombination in multicrystalline wafers

compared to monocrystalline wafers. The FF loss due to recombination current components
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Figure 8.5: Variation in FF loss due to Jo; and J», Rs, Rgp, of both mono and multi solar cells
after light soaking.

Jo1 and Jon (AFF(J;), and AFF(J();)) shown in Figure8.5 (a) and (b) follows the same trend as
that of Jp; and Jpp shown in Figure 8.4 (a) and (b). For both mono and multi solar cells, the
absolute change in AFF(J;) was only 0.11% and 0.08 %, respectively after 24 h of light soaking.

However, major degradation in FF with respect to light soaking was due to Jo,. The absolute
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change in AFF(J») was 0.38% and 0.28%, respectively for mono and multi solar cells after
24 h of light soaking. Regain in FF was relatively lower for multi solar cells as AFF(J(;), and
AFF(J ;) did not improve significantly beyond 24 h of light soaking. In contrast, for mono solar
cells, the average value of AFF(Jp;) and AFF(J(,) reduced by 0.07% and 0.30% respectively
which resulted in improvement in FF of 0.37% after 67 h of light soaking. FF loss analysis
suggests that recombination at the space charge region was significantly large in deciding the

overall degradation and regeneration of FF values in both mono and multi solar cells.

8.2.4 LBIC for short circuit current analysis

Figure 8.6 and Figure 8.7 represent the LBIC EQE maps for representative solar cells from
mono and multi at four available wavelengths of 407 nm, 658 nm, 877 nm, and 984 nm for
three different conditions. t = 00 h, t = 24 h, and t = 67 h, respectively, correspond to the initial
(before light soaking), degraded and regenerated conditions. The average EQE value over the
entire scanned area of a 6-inch solar cell is listed at the top right corner of each EQE map.
Except at 407 nm, the EQE maps follow LeTID trends with an initial degradation followed by
recovery. For mono, the average EQE value reduced from 80.54% to 79.24% at 984 nm, from
90.51% to 89.33% at 877 nm and from 94.92% to 93.27% at 658 nm. For multi solar cells,
the average EQE value reduced from 72.88% to 71.46% at 984 nm, from 86.05% to 84.86% at
877 nm, and from 93.42% to 92.13% at 658 nm after 24 h of light soaking. The reduction in
EQE values observed at 877 nm and 984 nm for mono and multi are in agreement with previous
reports [40, 46, 48], where the degradation was mainly attributed to an increase in recombination
loss at the deep bulk region. In addition, significant degradation in EQE at 658 nm was observed
for both groups, indicating that LeTID can be present throughout the bulk of the solar cells. It
has been previously reported that hydrogen diffused from the PECVD-deposited dielectric films
such as SiNx : H or AlOx : H layer leads to complex defect formation, which is responsible for
LeTID [25, 26]. Hence, from the degradation observed in EQE maps at 658 nm, 877 nm,
and 984 nm it can be inferred that the hydrogen-related defect species responsible for LeTID
can be present throughout the bulk. After subjecting the cells to 24 hours of light soaking, the
most substantial variation in average EQE is observed at 658 nm for monocrystalline cells. This
variation in EQE at 658 nm, closely corresponding to the wavelength range of maximum photon
flux, can be attributed to the more significant degradation of Jgc in mono cells when compared

with the observed trend in multicrystalline cells, as illustrated in Figure 8.3(c).
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Figure 8.6: EQE map of representative solar cells from mono at 984 nm, 877 nm, 658 nm and
407 nm fort =00 h,t=24 hand t = 67 h.
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Figure 8.7: EQE map of representative solar cells from multi at 984 nm, 877 nm, 658 nm and
407 nm fort=00h,t=24 hand t = 67 h.

The regeneration in EQE at wavelengths 658 nm, 877 nm and 958 nm was observed only for

mono cells. The difference in absolute average EQE during the regeneration was in the range of
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0.75-1% (with respect to t = 24 h), for all three wavelengths. The regain in EQE at 658 nm, 877
nm and 984 nm is attributed to the regeneration of the bulk quality due to the transformation of
defect species during prolonged exposure to light and heat [13, 14]. Nearly similar EQE values
observed after prolonged exposure to light and heat suggest that transformation of defect and
gettering was minimal for multi solar cells. LeTID-related defects and the defect precursor be-
have differently in the grain and at the grain boundaries [223, 224]. The presence of relatively
very high concentrations of impurities and crystallographic defects in multicrystalline wafers
hinders the diffusion of defect species to the gettering site [13, 14]. Hence, the transformation
of recombination active defect into an inactive state and their gettering is relatively slower in
multicrystalline wafers. As a consequence, Jg; variations are relatively less, resulting in near
saturation behaviour of Jgc for multi solar cells beyond 48 h of light soaking.

Interestingly, opposite trends were observed for EQE for the two groups of cells at 407 nm.
The initial average EQE of 88.11% and 65.98% increased to 88.83% and 67.05% for mono
and multi, respectively, after 24 h of light soaking. It then decreased to 88.13% for mono and
66.55% for multi cells after 67 h of light soaking. This suggests that the impact of LeTID-related
defects is not similar in emitter and bulk for both types of solar cells. The initial increment in
average EQE observed after 24 h of light soaking can be attributed to the diffusion of hydrogen
towards the interface, resulting in better passivation of dangling bonds at the Si-SiNx : H inter-
face. Further reduction in EQE at 407 nm during subsequent light and heat treatment indicates
the reduction in passivation quality either due to the effusion of hydrogen from the interface or

the formation of LeTID-related defects.

8.2.5 PL imaging for uniformity analysis

Figure 8.8 represents the open circuit PL. images of representative solar cells from mono and
multi after light soaking. Histograms (t = 00 h, t = 24 h and t = 67 h) are shown below PL
images. PL images confirm that both degradation and regeneration in Vg were more for mono
than for multi cells. For mono cells, average PL count reduced from 2.12 x 104 to 1.60 x
10* after 24 h and then increased to 1.95 x 10% after light soaking of 67 h, whereas for multi
solar cells the reduction in average PL count was from 1.02 x 10 to 0.75 x 10* after 24 h
and then it increased to 0.82 x 10* after 67 h of light soaking. The PL intensity distribution
trend is directly related to the variation in J; and Jy,. Higher change in J3; and Jg, for mono

cells resulted in larger variation in Vgoc and PL intensity count during both degradation and
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Figure 8.8: PL images of representative solar cells from mono and multi before and after light
soaking. Histograms of PL intensity for initial (t = 00 h), degraded (t = 24 h) and regenerated (t
= 67 h) are shown beneath PL images.

regeneration phase.

For multi solar cells, a notable reduction in V¢ of 3.75 mV and PL count of 0.25 x 10% during
the degradation phase was due to the variation in both J; and J,. However, unlike mono solar
cells, no significant reduction in Jj, was observed for multi solar cells during the regeneration
phase. This has resulted in lower regeneration of Voc and PL intensity as seen in Figure
8.8. The histogram of the PL intensity distribution clearly indicates that PL intensity variations

were uniform and proportional throughout for both groups of solar cells during LeTID and the
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subsequent regeneration phase. Also, the shift in the PL. peak of mono and multi solar cells
validates the carrier injection dependency of LeTID and regeneration. This is evident from the
histogram of mono solar cells where two PL peaks corresponding to two carrier injection levels
are visible. Further, these two peaks shifted toward the left during the degradation phase and

then toward the right during the regeneration phase.

8.2.6 Comparison of Results in This Work with Existing Literature

In agreement with previous studies, this work observed an initial degradation followed by re-
generation in performance parameters in solar cells [17, 39, 46, 167, 232, 233]. Since the extent
of degradation and regeneration due to light and heat are determined by various factors such
as processing conditions (passivation, emitter diffusion, firing), bulk quality, bulk doping, and
the conditions of light soaking and annealing, different research groups reported different val-
ues for variations in performance parameters. Table 8.1 provides a summary of the research
findings related to the decrease in efficiency resulting from LeTID in cells for a wide range of

operational conditions [157].

Table 8.1: Relative reduction in efficiency of solar cells associated with LeTID under a wide
range of operational conditions [157].

Source Year Solar cell Degradation Conditions Ref
type
Ramspeck et al. 2012 PERC 5-6% 75°C, 0.4 suns, 400h [167]
Petter et al. 2015 PERC ~ 16% 75°C, 1 sun, 200h [17]
Luka et al. 2015 PERC 10% 75°C, 1 sun, 48h [232]
Krauf et al. 2016 PERC 11.2% 80°C, 0.8 suns, 325h [39]
Padmanabhan et 2016 PERC 4.3% 90°C, 1sun, 21h [46]
al.
Chan et al. 2017 PERC, 12.7% 70°C, 0.46 suns, 480h  [233]
Sio et al. 2018 PERC, 9.6% 65°C, 1 suns,5 h [20]
Sen et al. 2020 PERC, 6% 75°C, 1 suns, 250h [37]
Padmanabhan et 2016 AIBSF (mc 1.8% 90°C, 1 sun, 24h [46]
al. Si)
Resmi et al. 2023 AIBSF 2.6% 75°C, 1 sun, 24h This
(c-Si1) work
Resmi et al. 2023  AIBSF (mc- 2.0% 75°C, 1 sun, 24h This
Si) work

In this study, we observed a maximum relative reduction in batch average efficiency of

2.6% for monocrystalline Si solar cells and 2.0% for multicrystalline Si solar cells. The ob-
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served maximum extent of degradation in multicrystalline Si solar cells aligns with the studies
of Padmanabhan et al.[46], who reported a 1.8% efficiency degradation after light soaking at 1
sun illumination at 90°C for 24 hours. Consistent with previous reports, the efficiency regained
in this work exceeded 99.5%. Additionally, we investigated various factors influencing perfor-
mance parameters during LeTID using two-diode models, which were not previously reported.
Furthermore, the EQE variations at different depths within the solar cells were in agreement
with previous studies [40, 43, 46]. The findings reported in this study have practical impli-
cations for the design of solar cells and the development of measures for LeTID mitigation,

offering valuable insights into the degradation process.

8.3 Summary

This work demonstrates that the recombination at the space charge region plays a significant role
in performance parameter variations due to light and heat. Significant changes in both recom-
bination current densities, Jo; and J, together contribute to higher degradation and faster re-
covery in monocrystalline solar cells. Lower LeTID and slower regeneration in multicrystalline
cells are due to relatively high concentrations of metallic impurities and grain boundaries. FF
loss analysis suggests that degradation and recovery in FF is limited by recombination in space
charge region in both monocrystalline and multicrystalline cells. LBIC EQE maps at 658 nm,
877 nm and 984 nm reveal the formation of defects throughout the bulk. However, the LBIC
EQE maps at 407 nm show an increasing trend initially, followed by degradation. We speculate
that the diffusion of hydrogen to the interface and the resulting better emitter surface passivation
is responsible for the initial improvement, and the subsequent degradation could be due to the
effusion of hydrogen away from the interface or due to the formation of LeTID-related defects

at the surface.
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Chapter 9

Conclusion and Future Work

9.1 Conclusion

In this research, we investigated the chemical species involved in the light-induced degradation
of p-type and n-type samples that have been passivated using plasma-enhanced chemical va-
por deposited (PECVD) hydrogenated silicon nitride under typical outdoor ambient conditions.
To unravel the mechanisms at play in this degradation process, we employed a comprehensive
approach, which includes electrical characterization, Fourier Transform Infrared spectroscopy,
and photoluminescence spectroscopy. The findings of this study unveiled noteworthy reductions
in the electrical characteristics of both n-type and p-type samples, accompanied by an increase
in defect density. This decrease in electrical performance was particularly evident in the effec-
tive minority carrier lifetime values and the band-to-band photoluminescence (PL) intensities
for both types of samples on exposure to outdoor light soaking. The apparent defect density
exhibited an increase, transitioning from 3.39 x 1073 ps_l to 1.68 x 1072 ps_l for p-type sam-
ples and 3.42 x 107 us_l to 3.46 x 1073 us~!, for n-type samples following cumulative solar
insolation of 95.7 kWh/m2. To further explore the performance degradation, we conducted an
in-depth analysis of the chemical species involved in the degradation mechanism using vari-
ous physical characterization techniques. Our investigation focused on changes in the Fourier
Transform Infrared (FTIR) absorbance intensities of key chemical species, including SiNyHj,
SiN,Hy, SiHp,, SiOy, and SiO,; after exposure to light soaking. These analyses provided con-
firmation that both oxygen and hydrogen contribute to the degradation process in both p-type

and n-type samples. In addition to FTIR analysis, our study employed spectroscopic photo-
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luminescence analysis to reinforce these findings. The spectroscopic PL analysis affirmed the
decrease in the concentration of silicon-oxygen species. It further supported our understanding
of the degradation mechanisms in these solar cell samples by corroborating the reduction in
effective lifetime in the n-type samples.

Subsequently, the thesis delved deeply into examining recombination characteristics in indus-
trial monocrystalline (c-Si) and multicrystalline (mc-Si) silicon wafers when subjected to illu-
minated annealing at 75°C. This comprehensive analysis encompassed the assessment of both
surface and bulk properties. The degradation behavior was thoroughly examined through the
utilization of opto-electrical characterization techniques. Photoluminescence intensity varia-
tions indicate an expansion of defective regions with prolonged light soaking in both c-Si and
mc-Si samples. However, the regeneration observed in PL intensity and effective minority car-
rier lifetime is less pronounced in mc-Si samples compared to c-Si samples. This disparity can
be attributed to the higher density of crystallographic defects and metallic impurities present in
mc-Si samples. The analysis of recombination characteristics for both surface and bulk regions
reveals distinct responses during illuminated annealing. Bulk recombination plays a dominant
role and initially deteriorates within the first 24 hours but subsequently regenerates as the dura-
tion of light soaking increases. In contrast, the emitter surface exhibits improved performance
for both c-Si and mc-Si compared to its initial state, primarily due to hydrogen diffusion. No-
tably, when the light soaking extends beyond 24 hours, c-Si samples show increased surface
recombination, hinting at the potential formation of LeTID-related defects. However, this phe-
nomenon is not observed in the emitter surface of mc-Si, even after 125 hours of light soaking,
suggesting the absence of LeTID-related defect formation at the emitter surface. This study
underscores that the emitter not only contributes to bulk regeneration but also significantly in-
fluences surface behavior.

Indeed, this study thoroughly investigated how the performance parameters of both monocrys-
talline and multicrystalline silicon solar cells change when subjected to elevated temperatures
during illumination. Interestingly, monocrystalline solar cells exhibit more significant degra-
dation but also demonstrate more effective regeneration in key performance parameters: open
circuit voltage (Voc), short circuit current density (Jgc) and fill factor (FF) are observed for
monocrystalline solar cells. The Suns-Vpc measurements have provided compelling evidence
that the recombination current densities within both the space charge region (Jop) and the re-

maining areas of the solar cell (Jg1) play pivotal roles in the phenomenon of light and ele-
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vated temperature-induced degradation (LeTID) and subsequent regeneration characteristics.
Throughout the degradation phase, substantial changes are evident in both Jy; and J, for both
monocrystalline and multicrystalline solar cells. It’s important to highlight that during the re-
generation phase, a significant decrease in J, is observed exclusively in monocrystalline solar
cells, while J; exhibits improvements in both types of cells. An analysis of FF loss indicates
that recombination in the space charge region is primarily responsible for both degradation and
regeneration in FF.

In contrast to many prior studies, our research reports a similar reduction in external quantum
efficiency (EQE) at wavelengths of 984 nm, 877 nm, and 658 nm. This suggests that defects
associated with LeTID are not limited solely to the deep bulk but are distributed throughout the
bulk of the material. The absence of any EQE improvement after prolonged exposure to light
and heat implies that defect transformation and gettering processes are not adequate to fully
restore Jgc 1n multicrystalline solar cells. Furthermore, EQE mapping at 407 nm suggests that
the LeTID behavior of the emitter differs from that of the bulk.

Many of the suggested high-efficiency solar cell designs, such as SHJ, TOPCon solar cells etc.,
employ an n-type base material and hydrogen-rich passivation layers, which means their perfor-
mance may be compromised in real-world conditions due to defects associated with hydrogen
and oxygen. The investigation of recombination characteristics and the application of spec-
troscopic analysis presented in this study hold promise for gaining insights into defect physics,
understanding the underlying degradation mechanisms, and creating models for the degradation

processes in high-efficiency solar cell architectures.

9.2 Future scope of the thesis

As per the ITRPV 2023 report, p-type passivated emitter rear cells (PERC) currently dominate
other cell types in terms of market share. Projecting into 2033, the forecast anticipates tunnel
oxide passivated contact (TOPCon) solar cells will constitute 60% of the market share, with
silicon heterojunction (SHJ) solar cells closely following at 19%. TOPCon solar cells are at-
tracting increased attention due to their various advantages, such as the ready availability of
raw materials, a straightforward process sequence, and the potential for achieving high effi-
ciency. However, these high-efficiency solar cell designs use hydrogen-rich layers as a surface

passivation layer and an anti-reflection coating. Recognizing the significance of understanding
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the impact of hydrogen-induced defects on the performance degradation of these cell structures
during normal operating conditions, conducting a thorough study in this domain becomes im-
perative. This research plays a critical role in further enhancing the efficiency of these solar

cells.

From a reliability perspective, it is worthwhile to investigate the recombination character-
istics of solar cell structures over extended light soaking durations, potentially reaching up to
1000 hours. Recent reports suggest that surface-related defects primarily influence the long-
term stability of solar cells. Given that SiO, film acts as a barrier against hydrogen diffusion
and Si10,/SiNyx : H stack serves as a passivation layer for solar cells, it is valuable to explore

the impact of LeTID in such solar cells while varying the SiO, thickness.

In today’s silicon photovoltaic industry, Ga-doped Si wafers are commonly utilized due to
their high bulk lifetime. However, limited literature is available regarding the effects of light and
heat on the performance stability of Ga-doped solar cells. Consequently, a more comprehensive
analysis of the recombination characteristics in Ga-doped solar cells is necessary. Furthermore,
it is essential to investigate the LeTID behavior of Cu/Ni contact solar cells and compare them

with solar cells featuring Ag contacts.
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Appendix A

Variation in solar irradiance,
temperature, humidity and wind

speed

Light soaking of the samples described in Chapter 6 was done outdoors at the NCPRE PV
module monitoring station in Mumbai, India, in January, February, and March of 2020. The
variation in solar irradiance and temperature from 10.00 am to 4.00 pm of each day of light

soaking is provided in Figure A.1. The maximum, average, and minimum values of humidity in
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Figure A.1: Variation in solar irradiance from 10.00 am to 4.00 pm for the days on which light
soaking is carried out. Both these sets of data are reordered at the site of the experiment using
a PV module monitoring station.
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Mumbai, India, are also provided in Figure A.2. The humidity data provided was not recorded

at the experiment site but at a location 7.55 km away from the experiment site.
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Figure A.2: Variation in the maximum, average, and minimum value of ambient humidity and
windspeed for the days on which light soaking is carried out. The humidity and wind data are
recorded at a site 7.55 km away from the experiment site.
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Appendix B

Quantification of defects in Si

wafers

B.1 Estimation of oxygen concentration in Si wafers

The infrared absorption measurements at the characteristics peak of oxygen at the 9 um band
(wave number is 1107 cm™!) are used for quantitative analysis of oxygen in silicon. This peak
is due to the silicon-oxygen bond stretching vibration. The absorption coefficient can be ob-
tained from the characteristic peaks of oxygen (1107 cm™!). The absorption is related to the
silicon-oxygen bond stretching vibration and hence the oxygen concentration in the sample.
The absorption coefficient due to oxygen is calculated based on ASTM standard 1188, as de-

scribed below.

1. The transmittance (Tp) of the sample wafers at 1107.08 cm ™! is determined by fitting the
five data points (data point at 1107.08 em™!, two data points on the right and two data

points on the left) using the least square method.

2. The baseline transmittance (Ty,) is calculated by fitting six data points (the data point at
1299.9 cm™! and the two neighboring data points as well as the data point at 940cm™!

and the two neighboring data points) using the least squares method.

3. The absorption coefficient due to interstitial oxygen 0tg = =Qp - 04,. 0O and 04 are

calculated using the Eq.B.1 and B.2.
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4. The concentration of interstitial oxygen is estimated by multiplying the absorbance by a

conversion coefficient 3.14 x 1017,

1 (009-e!TW /(0.09-elTW)2+036T3e! TW

op =——1 B.1
PETW 0.18T,, (B
1 (009-¢! TV, /0.09-elTW)2+036T2e!TW
oy =——1In (B.2)
W 0.18T,,

where @ is peak absorption coefficient (crn_1 ), O, is baseline absorption coefficient (cm_1 ), W

is thickness (cm), Tp is peak transmittance and Ty, baseline transmittance.

B.2 Estimation of hydrogen concentration in Si wafers

The total hydrogen concentration is estimated from the area under the absorbance spectra of the

S—H bond measured using FTIR spectra. The equation Eq.B.3 relate the concentration of Si—H

bonds per cm™ .

Si_HArea
7.4x 1018 x W

[Si—-H] = (B.3)

where Si—H e, is the area under the S-H vibrational peak centered at 2160 cm™!. It is ob-
tained by multiplying peak absorbance and full width at half maximum (FWHM), and W is the

thickness (cm).

B.3 Estimation of electrically active iron concentration in mul-

ticrystalline Si wafers

Electrically active Fe concentration and its spatial distribution in multicrystalline Si samples
were estimated based on lifetime characterization before and after light soaking as given in
Eq.B.4 [234].

1 1
Fe; =Cx(—-
TFe TFeB

) (B.4)

where Tr.g and Tpe represent the measured effective lifetime before and after dissociation of the

FeB pair by flash lighting. Factor C depends on the doping density, excess carrier concentration,
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and proportion of Fe present as Fe and FeB pair. The value of C can be evaluated as given in

Eq.B.5 [68].

1
Xpe —XFeB
(po+ An)vyy,)
Xpe = — Po= — 2 th : (B.6)
Gope (AnTN1FeB) + 5 (Po + An+PipeB)
(po+ An)vy,)
XFeB = —7 Po 1 th (B.7)
On,FeB (An+ngpe) + Op.FeB (po+An+pipe)

where o, e and op, pep are capture cross section of the defects Fe and FeB respectively
(cm?). nireg and p;g.g are the SRH defect density terms for the defect FeB (cm™). njge and
Pige are the SRH defect density terms for the defect Fe (cm™3). The defect density terms are
calculated using the defect parameters specified in Table 3.1 in subsection 3.1.1 [234].

For measuring the electrically active concentration of Fe, 6-inch diamond wire-sawn mul-
ticrystalline Si wafers of 280um thick and 1-3 Q cm were used. They were then textured using
the acid texturing method to enhance the light rapping. Nine samples of size 2 inch x 2 inch
were cut from each wafer using laser cutting. These samples were RCA cleaned and then pas-
sivated by using a QHM solution. The passivation solution was prepared by dissolving 1.5g
of quinhydrone in 100 ml of methanol. The samples were kept in the passivation solution for
about 60 min to allow sufficient time for the sample surface to get passivated. Lifetime char-
acterization was then done by keeping the sample in a polythene zip lock bag containing QHM
solution using the Sinton Lifetime Tester and PL imaging imaging tool from Great Eyes.

Since most of the Fe in p-type Si exist in the form of FeB complex, the measured lifetime
is mainly determined by the SRH recombination centers due to FeB defect. The FeB pair can
be dissociated by subjecting the samples to highly intense illumination. The dissociation of
the FeB pair was accomplished using 50 flashes (maximum intensity of about 33 suns) emitted
from the flash head of the Sinton Instrument [234]. The samples were characterized before and
after light soaking using lifetime measurement and PL imaging. According to Macdonald et al.,
the presence of Fe in Si samples can be confirmed by a crossover point [234]. It is defined as
the excess carrier density at which the carrier lifetime in crystalline silicon remains unchanged
after dissociating FeB pairs. The crossover point occurs at An = 1014 cm™ when the doping

concentration of the sample is less than 1017 ¢cm™3 [234].
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Figure B.1: Effective lifetime variations in a p-type multicrystalline Si sample as a function of
excess carrier density before and after light dissociation of FeB.
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Figure B.2: Estimated electrically active average Fe concentration in multicrystalline Si sam-
ples.
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The presence of Fe in p-type multicrystalline Si samples used in this study was confirmed using
inductively coupled plasma mass spectroscopy. It was further confirmed by the presence of
crossover in the lifetime characteristics as shown in Figure B.1. From lifetime measurement
before and after dissociation, the average Fe concentration present in the sample is estimated
using Eq.B.5. The concentration of electrically active Fe was found to be in the range of 3.3 x
1010 cm™ t0 2.8 x 10!! cm™ for the multicrystalline Si samples as shown in Figure B.2. The
open square and horizontal lines in Figure B.2 correspond to the mean and median, respectively,

of the data points. PL imaging before and after dissociation gives spatial distribution of the Fe

Lh

Figure B.3: PL image showing the distribution of electrically active Fe concentration across the
multicrystalline Si sample.

across the sample [235]. The distribution of Fe concentration across the samples was also

estimated from the lifetime map of samples obtained using PL imaging as shown in Figure B.3.
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