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CHAPTER 1
Introduction

1.1 Introduction

In recent times, the global energy demand has increased significantly due to the
urbanization of human lifestyles, technology adagtation, and a rising population. So far, most
of this energy demand has been fulfilled from fossil fuels such as coal. and gas. However,
utilization of these fossil fuels has caused serious environment issues in the form of emission
of greenhouse gases. According to a recent report by the World Meteorological Organization
(WMO), consumption of the fossil fuel at the current level may cause to raise the temperature
that may breach the UN’s resolution to limitit to 1.5 °C (un.org). In the quest for energy sources
that can meet the increasing global energy demand and are clean and sustainable, photovoltaic
technology offers potential cost-effective options. Solar panels made of highly pure crystalline
silicon (1% generation solar cells) are the most popular ones in the solar cell market. However,
the high cost involved in processing to achieve such highly pure crystalline silicon has been a
disadvantage. The 2™ - generation solar cells employ absorber layers in the form of thin films
of only 1-2 pm thickness, thereby reducing the material cost significantly. The current global
research focus in photovoltaics has been to develop thin absorber layers with suitable properties

using cost-effective synthesis routes.

1.2 Cu2ZnSnS4 (CZTS) baggd thin films

Among the thin film solar cells available, CIGS (CulnGaS:) and CdTe-based solar cells
have been very popular, with demonstrated efficiencies better than 20%. However, the use of
In and Ga (scarce elements) in CIGS and Cd (a toxic element) in CdTe has limited their global
acceptability as a possible energy solution. In the last two decades, the quaternary
semiconductor Cu>ZnSnSs (CZTS) and related alloys have been studied as an alternate
absorber candidates due to its abundant jg earth, benign, and economical constituents in
addition to high coefficient of absorption ~10* cm™ and a tuneable bandgap (from 1 to 1.5 eV
due to Se alloying) (Wei et al., 2024; Mitzi et al., 2011; Walsh et al., 2012). The intensified
research on CZTS and Se-alloyed CZTS (CZTSSe) has led to rapid progress in conversion
efficiency from ~6.8% in 2008 to beyond 12% in 2014 (Wang et al., 2014 a). Since then,
however, the efficiency of CZTSSe-based solar cells is pinned at 12.6%, despite concerted
global research efforts. For the pure sulphide analogue, i.e., CZTS, the record best efficiency

is only 11% (Yan et al., 2018). The reported efficiencies, nevertheless, are inferior to those




desired for scalable production at an industrial level. The difference between the historical
evolution of power conversion efficiencies of CZTS and CIGS over certain periods of time is
quite large, considering that their energy bandgap is very similar. Therefore, it has been of great
interest for researchers to address the reasons behind the low performance of CZTS as
compared to CIGS.

The various proposed reasons for the infer'ﬁ performance of CZTSSe solar cells as
compared to CIGS solar cells converge on the low open circuit voltage (Vo) deficit (i.e., Ei/q
-Vc), which is less than 60% of the maximum Voc predicted from the Shockley-Queisa limit
(Polizzotti et al., 2013). The presence of point defects, clusters of these point defects (cationic
disordering), and associated band tailing in the CZTS(Se) films has been referred to as a
plausible mechanism of this Vo deficit (Chen et al., 2010). Among various possible point
defects in CZTS (Cuzn, Snza, Zncu, VoutrZneu, CuzatZngy, etc), Cuz, is the most dominating
defect in CZTS. Cuzx antisite defect is easily formed due to small ionic size difference in Cu*!
and Zn*2. The presence of such dcfccaand the defect pairs) induces the energy level formation
in the electronic bandgap from the localization of electron wave functions in the disordered
lattice_For a higher lattice disorder (due to high density of defects/ defect clusters), the tail
states at the valence band top and the conduction band bottom, stretch into the bands, causing
narrowing of the bandgap (Nagoya et al., 2010; Gokmen et al., 2013; Miller et al., 2012; Islam
et al., 2015). While the processing of CZTS films can be manipulated to reduce some other
antisite defects (for example, growing films in typical Cu-poor and Zn-rich conditions can
reduce Cusgand Snz,, which otherwise behave as deep traps within the electronic bandgap
(Kobayashi et al., 2005: Todorov et al., 2010; Tanaka et al., 2009)), it has been very difficult

to reliably control the Cu-Zn cationic disorder.

1.2.1 Cation Substitution in CZTS(Se) Thin films

More recently, several approaches have been reported to improve the cationic ordering,
and hence, to mitigate the Vo deficit. For instance, annealing for several hours after the heat
treatment in a chalcogen environment has been shown to partially reduce the cationic disorder.
However, isoelectronic cation substitution in CZTSSe by larger or smaller-sized cations is
considered a promising technique to suppress Cuz, antisite defects (Su et al., 2015; Kumar et
al., 2018). In the past few years, there have been attempts to substitute Cu (by Ag, Li) or Zn
(by Cd or Ba) (Kumar et al., 2017) with cations having larger or smaller ionic radius. Table 1.1
highlights a few studies based on isoelectronic substitutions in CZTSSe thin films to improve

device efficiency. For instance, replacing Cu* (0.74A) by Ag* (1.14 A) can effectively reduce




the antisite defect formation. However, the type of conductivity is reportedly changed (ie.,
from p to n-type) in CuixAgx ZnSnS4 (ACZTS) when the x value exceeds 0.6. Therefore, it is
very critical to control cation stoichiometry in ACZTS to get optimum device performance
without affecting the conductivity type (Liang et al., 2018). On the other hand, Cd (0.92 A)
with a greater ionic radius can also help to avoid the formation of antisite defects (Yan et al.,
2017). However, Cd, due to its high toxicity, poses environmental threats. In further attempts
to reduce cation disordering in CZTSSe, Xiao et al. presgnted the distant ion mutation concept
to use Ba (Group II), which lies far from elements of Group I, Cu and Group IV, Sn in the
periodic table, to substitute Zn. This could be a promising substitution due to the large radius
of Ba®*(1.56 A) and the high difference in electronic properties of Ba from Cu and Sn (Xiao
et al., 2017). Interestingly, many isoelectronic cation substitutions with larger/smaller ionic
radius (for example, Ag for Cu, Ge for Sn, Cd for Zn, etc.) deal with materials inherently in
the zinc blende-derived kesterite phase, where tetrahedral coordination forms the structural
motif. On the other hand, Ba substitution in the place of Zn (i.e., in the compound Cu2BaSnS4
(CBTS)) offers a different coordination environment that may have wide-ranging implications

on film properties. This warrants further research and forms the basis of this thesis.




Table 1.1:

Highlights of studies on cation substitution in CZTS(Se) thin films.

VI=S§, Se

Substitution Deposition Cell Parameters/Remarks Reference
technique

Agin CZTS Solution Solar cell with total area efficiency | Zhou et al., 2023
method n:14.1%

Agin CZTS Sol-gel method | Optimal photodetection for 4% Ag- | Kangsabanik et

doping in CZTS al., 2025

Agin CZTS thermal co- N: 10.2%, Voe: 4225 mV, J: 384 | Chagarov et al.,
evaporation mA/ecm? 2016

Agin CZTSSe | Solution N: 10.2%, Ve 448 mV, I 35.1 Yafang et al.,
method mA/ecm? 2017

Agin CZTSSe | Solution n: 7.12%, Voe: 373 mV, I 34.1 Zhaoetal. 2017
method mA/cm?

Agin CZTS Spray n: 7.14%, Voe: 669 mV, Jc: 18.5 Nguyenetal.,
pyrolysis mA/cm? 2018

Agin CZTS Co evaporation | n: 2%, Voe 1504 mV, Tt 21 Gershon et al .,

mA/cm? 2016

Bain CZTSSe | Sputtering N: 1.57%, Voe: 0.613 V, Jic: 6.78 Jeetal., 2016
method mA/cm?

BA in CZTS Sputtering N 1.62%, Voe: 713 mV, I 4.11 Shinetal., 2016
method mA/cm?

Bain CZTS Sputtering n: 2.03%,m: 093V, J.:5.08 Geetal.,2017b
method mA/cm?

Bain CZTSSe | Sputtering n: 5.2%, (,c: 611 mV,J: 174 Shin et al_, 2017
method mA/cm?

Cup-1I-Sn-V1y | Theoretical Cation-on-cation antisite defects do | Hong et al.,

II = Ba, Sr, Calculation not form easily. 2016




Bain CZTSe | Theoretical Due to high ionicity, Ba-related Xiao et al., 2017
study defects create only shallow defect
levels. Hence, CBTSe solar cells
may have smaller V. deficits.
Cd in CZTS Solution Cd-doped CZTS with a bandgap of | Guptaet al.,
method 156 eV and low band tailing is 2023
fabricated
Cd in CZTS | Solution n: 1.2%, Voe: 333.2mV, J: 795 Xiao etal., 2013
method mA/cm?
Cd in CZTS Solution N: 8.11%, Ve 460 mV, Jse: 29.66 Fuetal., 2016
method mA/cm?
Cd in CZTS Chemical Bath | n: 11.5%, Voe: 651 mV, Ji: 26.7 Yan et al.,2017
deposition mA/cm?
Ge in CZTS Solution N: 5.12%, Voe: 5999 mV,J: 218 | Zhanget al.,
method mA/cm? 2024
Ge in CZTSe |e-beam N: 6%, Vo 487 mV, I 28.1 Scaffidi et al.,
evaporation mA/cm? 2023
Ge inCZTSe | Coevaporation | 1: 10.03%, Vo 0.543 V,Je: 295 Kimetal., 2016
mA/cm®
Ge in CZTSe | Solution N: 8.4%, Voe: 0464 V, J:292 Guo et al., 2012
method mA/cm?
Na Solution N: 8.3%, Vo 450 m V, Ji: 30.77 Werner et al.,
method mA/em? 2015
Na:Sb-doping | Solution N: 5.7%, Vee: 610 mV, Ji: 149 Tiwari et al.,
method mA/em? 2016
Na.Li,Rb- Electrostatic n For Rb:6.35%, n For Na:6.2%, Altamura et al.,
substitution Spray Assisted | n) For Li:6.0% 2016 (b)
Vapor
Deposition
K-substitution | Solution N: 3.34%, Voo 498 mV, J: 12.18 | Tongetal., 2014
method mA/cm?




Li-Substitution

Solution

n: 11.6%. Voe: 531 mV, Jie: 337

Vidani et al.,

method mA/em? 2018
Li-Substitution | Solution N:6.7%, Voe: 459 mV, I 14.9 Yanchun et al.,
method mA/cm? 2016
In-Substitution | Co N: 3.4%, Voe: 461.1 mV, Geetal., 2014
Electroplating | J: 18.8 mA/cm’
Si-doping Magnetron N: 2.53%, Vot 0.401 V, Guoetal., 2018
Sputtering Jie: 15.86 mA/cm®
Fe-Substitution | successive n: 95%, Voe: 0.61 V., ]I 93 Chatterjee et al.,
ionic layer mA/cm? 2017

adsorption and

reaction
Mn- chemical spray | 1: 7.59%, Voe: 0.43 m V, Ji: 28.9 Lie et al., 2018
Substitution pyrolysis mA/cm?®
Mg- Pulsed layer The bandgap of CZMTS film was Agawane et al.,
Substitution deposition found to be 1.4 eV. Mg-substitution | 2018
technique enhances the grain size and
crystallinity and also increases
carrier concentration.
Sb-Deposited | Pulsed Antimony salt was used to displace | Carrete et al.,
spray organic ligands from the CZTS 2013
deposition nanoparticles surface, Sb enhanced

crystal growth.

1.3 Literature survey on Cu:BaSnS4 (CBTS) and Se-alloyed CBTS (CBTSSe) thin films
Recently, CBTS material has been presentef as an effective replacement for CZTS.
Using DFT calculations, Hong et al. revealed that CBTS has optical and electrical properties
very similar to those of CZTS and hence, it can be used for photovoltaic applications (Hong et
al., 2016). Moreover, defect properties of CBTS are more favourable for photovoltaic
applications as compared to CZTS. For instance, the dominant defect in CBTS is V¢, instead
of the Cug, and Bac, antisite defects. This is because the formation energy of Cug, and Bacy is
high owing to the large size mismatch between Ba and Cu ions. Xiao et al. also predicted that

due to the high ionic nature of Ba, the Ba-related antisite defects create shallow defect levels







Amidst the venture to obtain the high power conversion efficiencies of kesterite solar
cells, replacement of S atoms by Se atoms partially has shown significant improvement in PCE.
This has helped to tune the bandgap of the absorber layer and enhance grain size, which
minimizes grain boundary recombinations, resulting in better charge transport properties of the
absorber layer.

In addition to the importance of appropriate intrinsic properties, high defect resistance,
and eventual high device performance, manufacturing cost of the absorber layers should remain
cost-competitive. Considering the peculiarities of this class of materials, the deposition
processes which are simple and economical, yet yield films of intended properties has been a
big challenge. The CBTS-based materials have been prepared by vacuum and non-vacuum-
based proc s, such as solid-state synthesis (Teske et al., 1976), co-sputtering (Shin et al_,

17; Shin et al., 2016; Ge et al., 2017a; Ge et al., 2017b), and sﬁtion processes (McCarthy
etal.,2018; Teymuretal.,2018; Chen etal., 2018). While most of the reported efficient CBTS-
based solar cell devices and photoelctrochemical cells were manufactured by vacuum requiring
sputtering technique, we find only few reports of films prepared by solution methods.

Compared to the vacuum- requiring techniques, solution methods poses less-cost
scalable routes of synthesis of ternary semiconducting thin films. However, the challenges such
as poor solubility of the Ba salts, requirement of post-deposition annealing to remove organic
component/solvent and for grain growth, reactivity gfthe components, difficulty in control of
composition, etc., must be overcome first (Teymur et al., 2018; Teymur et al., 2021; Teymur
etal.,2022; Chen et al., 2018). Especially, maintaining the elemental composition in the films,
which may differ from that in the precursor solution as a consequence of processing, is critical.
The elemental composition in this category of materials impacts phase evolution, antisite defect
formation, grain growth, etc., and hence, the output performance (Teymur et al., 2022; Chen et
al., 2018). This is supported by the fact that poor Cu and high Zp content composition has
always been required for the best-performing CIGS and CZTSSe thin film solar cells. For the
CBTS thin films, Chen et al. have found critical dependence of composition (i.e., [Cu]/[Sn]
and [Ba]/[Sn]) on obtaining phase pure of the films grown by a molecular solution approach
(Chen et al., 2018). They could prepare single phase trigonal CuzBaSnS4 only with [Cu]/[Sn]
~ 1.935 and /|Sn] ~1.30. Shin et al. have increased Se content (i.e., CuzBaSnS4 xSex (x =
3, CBTSSe)) by additional selenization at 570 °C for 5 min after sulfurization. They observed
from UV-Vis spectra that CBTSSe exhibits a tunable bandgap from 1.6 to 2 eV (Shin et al.,
2017). More recently, Teymur et al. prepared CBTSSe thin films at different [Cu]/([Ba]+[Sn])

ratios by reducing Cu content from its ideal stoichiometric values up to 12% by keeping the




[Ba]/[Sn] ratio of L5 in a DMSO-based precursor solution (Teymur et al., 2018). It was
observed that the [Cu]/([Ba]+[Sn]) ratio in the films varied from 1.08 to 0.86 when Cu content
was reduced from 0% to 12%, whereas [Ba]/[Sn] ratio in films changed from 1.12 to 1.34 as
compared to 1.5 in the precursor solution due to loss of BaS3 during the postdeposition heat
treatment with sulfur process. The composition fluctuation affected the phase purity: single-
phase CBTSSe was obtained only for moderate Cu-poor precursor solutions (- 4 to -7%). The
first report of solution-processed CBTSSe material is based on the spin coating of mixture
containing thiol-amine solvent by McCarthy and Brutchey (McCarthy et al., 2018). In their
approach, the precyrsor solution (or the so-called “alkahest solvent™) was prepared
dissolution of BaS, CuzS and oxide SnO in an ethanedithiol (EDT)-ethylenediamine (EN) at
50° C for 11 days, followed by heating using an heat gun. Although phase-pure films were
obtained, the films showed a rough structure having voids. However, no device application of
these films was reported. Teymur et al. also fabricated CBTSSe absorbers using a solution
process by mixing cqpper acetate, anhydrous Snla, barium nitrate, and thiourea in dimethyl
sulphoxide (DMSQ). The bandgap of the CBTSSe absorber layer was calculated to be 1.68 eV,
and a CBTSSe PEC device exhibited a photocurrent of 10 mA/cm? (Teymur et al., 2018).
Teymur et al. annealed CBTS thin films under Se vapours at 610°C for 5 min and prepared
CBTSSe thin films with bandgap of 1.56 eV for x=3 (Teymur et al., 2021). Another report was
based on spin coating of films from a molecular precursor solution prepared by dissolving
copper acetate, tin chloridﬁthiou.rea, and barium acetate in 2-methoxy ethanol. They have
obtained 1.72% efficiency with the device configuration of Mo /CBTS/CdS/i-ZnO/ITO. Cui et
al. prepared CBTS thin films by solution process and selenized the films at 400°C, and obtained
orthorhombic CBTSSe thin films with a good photoresponse behaviour. (Cui gt al., 2019).

A trigonal CBTS-based device has been successfully fabricated with device
structure: ITO/i-ZnO/CdS/absorber/Mo/glass, and an efficiency of 1.6% obtained for the first
time by Shin et al (Shin et & 2016). They prepared the films by RF sputtering, followed by a
post-sulfurization method. Ge et al. also achieved 1.57% efficiency for Cu2BaSn(Sus3.Sen.17)4
solar cell on FTO substrate (Ge et al., 2017a). Later, the same group used oxygenated CdS to
act as buffer layer and improved the efficigncy to 2.03% with a Ve of 1.1 V (Ge et al., 2017b).
From the analysis of their previous report, Shin et al. have prepared CuzBaSnS4.«Sex thin films,
and a device efficiency of 5.2% has been obtained (Shin et al., 2017). The relatively low
efficiency is possibly due to interface recombination caused by undesirable conduction band
offset at the CdS/CBTSSe interface, as revealed from the low EQE response at the short

wavelength region. In the photo-electrochemical cell application, the CBTS device shows a 7.8




mA cm? saturated photocurrent using one sun illumination, which is compar to Cu20
photo-electrochemical cells which are the best-performing ones (Ge et al., 2017¢).The reported
highest efficiency for CBTSSe solar cells, so far is 6.2% by using Zni-xCdxS buffer layer and
Zni—x Mg:O/Al-doped ZnO window layer. The progress in efficiency in CBTS based solar cells

has been shown in Table 1.2.

a
Table 1.2: Egress in efficiency of CBTSSe thin film solar cells over the years.

Year | 1(%) | Voc(mV) | Jsc (mA/cm?) | FF (%) | Deposition Reference
method

2016 | 1.62 713 4.11 55.32 Sputtered Shin et al., 2016

2016 | 1.57 613 6.78 377 Sputtered Geet al., 2016

017 | 203 933 5.08 43 Sputtered Geetal.,2017b

2017 1.6 551 595 489 Sputtered Geetal.,2017 a

2018 | 1.72 697.8 525 469 Solution Chenetal., 2018
based

2019 1.21 562 4.17 38 Sputtered Guoet al., 2019

2020 | 1.99 510 6.50 60.13 Solution Luo et al., 2020
based

2022 | 6.17 681 16.16 56.1 Solution Teymur et al.,
based 2022

1.4 Numerical study of potential of CBTS thin film solar cells

Numerical study plays a momentous role in understanding the limiting influence of
material properties on performance of solar cells. In particular, such studies in the form of
simulations can provide insight to the role of defects in performance of the solar cells (i.e., Vo,
Js . FF and 1) and hence, are instrumental in designing better solar cells (Basak et al., 2021;
Garain et al., 2021; Padhi et al., 2021). According to the Shockley-Queisser (SQ), limit single
junction CBTS solar cell can show about 22% efficiency. In contrast, the best conversion
efficiency reported for CBTSSe is only 6.2% (the highest efficiency for CBTS is 2.03%). This
inferior performance as compared to the SQ limit may be due to possible bulk and interface
recombination losses. These recombinations can be controlled by optimizing the bulk material
and improving the interface between materials. Although there have been a number of

numerical investigation of the CZTS based thin film solar cell, such elucidation of CBTS




devices is very limited, although it is of high importance and can assist ex perimentalists greatly.
Khattak et al. have studied numerically the CBTS solar cells and suggested performance
enhancement by optimizing thickness and carrier concentration of the CBTS layer (Khattak et
al., 2019). Luo et al., optimized parameters of CdS, CBTS and MoS; intermediate layer to
maximize the efficiency of CBTS solar cells using numerical simulations (Luo et al., 2021).
These studies however lacks in discussion about defect tolerance of CBTS as compared to
CZTS, which can help to enhance the CBTS solar cells output performance. Therefore, it is of
huge interest to examine the resulting scenario in the CBTS-based device with the defect
densiti&which have yielded the best performance in CZTS devices, and lays the foundation
of this work.

In this work, we have used the SCAPS-1D simulation software for both CZTS and
CBTS thin film solar cells. Mainly, we have considered defect densities in the CZTS layer and
at front and back interfaces. We have varied the concentration of these defect densities to
simulate the performance of the experimentally %ineﬂ champion CZTS cells. Further, we
used the same value of defect densities to predict the performance of the CBTS solar cell. We
show that in a similar device architecture, CBTS has poor defect tolerance compared to CZTS,
ie., for the same level of defect densities, CBTS yields inferior performance than CZTS, and
hence, requires more intuitive optimization of parameters.

In literature, it is reported that thin p+ layer inserted between the absorber layer and the
back conta to improve the performance of the cells (Dsouza et al., 2023). The approach of
using this layer — known as back surface field (BSF) layer - relies on the creation of a built-in
field in the direction same as that in the p-CZTS/n- CdS junction of the solar cell. This electric
field, in turn, would provide a conductive path to the holes and act as a potential barrier to the
minority carrier&ctmns, thus minimizing the recombination occurring at the rear contact
interface. Since the width of the depletion region, wherein the built-in field is operational, is
extended into the regions with lower carrier concentration, an effective BSF layer is required
to be heavily doped (p+ type) compared to the CZTS layer. While the approach of using the
BSF to manipulate the carrier collection and cell efficiency appears attractive, therg are only a
couple of studies of the same in the CZTS or CZTSSe-based solar cells (Khattak et al., 2018;
Benzetta et al., 2020; Giraldo et al., 2021). Khattak et al. used Cu2ZnSnSe4(CZTSe) as a BSF
layer in CZTS solar cells and numerically found an increase in efficiency from 9.61 to 12.92%
with the introduction of the BSF layer (Khattak et al., 2018). It may be noted that
experimentally realizing a junction of phase-pure CZTSe and CZTS will be very challenging

due to the inherent material peculiarities of these materials (Just et al., 2016). In a more recent




report, Song et al. have shown performance improvement in the CZTSSe solar cells by growing
ap-ty] 0Sez: Ny layer (Song et al., 2020). Nevertheless, a more detailed investigation of the
effect of the BSF layer, including the analysis of the band offsets at % BSF layer/CZTS
interface (Scheer, 2009), is required. We have numerically investigated the impact of a BSF
layer in the form of CuzO, which has not been explored in the CZTS solar cells previously. It
may be noted that the fabrication of Cu20 is relatively straightforward and may be easily
implemented experimentally (Drobny and Pulfrey, 1979; Herion et al., 1980; Golden et al.,
1996).

1.5 Motivation and Objectives
Discussions on the preceding sections suggest that the photovoltaic performance of the

CBTS based solar cells has been inferior compared to the CZTS devices, although significant
reduction in antisite defects has been theoretically predicted. The potential of these thin films
has not been fully brought forward because of the inherent material peculiarities and challenges
in fabrication of single-phase thin films with appropriate properties. Till date, only a handful
of results with the highest efficiency of just above 6.2% have been achieved, suggesting a larger
scope of improvement. The solution approach - which otherwise is considered as the most cost-
effective approach for scalable production of thin films - has not been explored much. In
particular, understanding the process parameter dependent composition, phase formation and
evolution of properties that forms a critical pﬁt in designing the CBTS thin film deposition
route is far from complete. This work give out a detailed examination of growth mechanism of
ase pure CBTS(Se) thin films by a molecular precursor solution approach using 2-methoxy
ethanol based precursor solutions of commonly available salts of (CH3COO0):Cu, SnCl» 2 H,O,
(CH3COO);Ba and thiourea. We show how by intuitively optimizing the composition ratio in
the cationic solution and the sulfurization/selenization ambience single-phase CBTS(Se) films
can be obtained. In particular, the formation pathway of CBTS that includes in-situ formation
of obstinate secondary phases such as BaSO4 and Cu2SnSs, discouraging the formation of
CBTS has been elucidated. Optical and electrical characterization of the resulting films

revealed properties suitable for photovoltaic applications.

The main objectives of this thesis are
¢ Preparation of Cu;BaSnS4 (CBTS) based thin films using a solution-based approach

such as spin coating.




’
e Study of phase evolution as a function of process parameters such as solution

composition, post-deposition heat treatment, etc.
* Elucidation ofﬁ role of Se alloying with S in the parent CBTS system and
examination of its effect on structural, electrical, and optical properties of the films.

137
1.6 Outline of the thesis

Chapter 1 involves the basic itroduction of the materials and literature review. It
underlines the key challenges in the material CZTS and the reason for its stagnated
performance at 12.6%. Substitution of Zn in CZTS by a large ionic radius Ba, resulting in the
formation of CBTS, has been studied. The experimental methods adapted by researchers for
the fabrication of CBTS have been discussed i:ﬁetail. This chapter provides a pathway for the
formation of CBTS films by surveying from literature, which assists and paves the way to
achieve the objectives.

Chapter 2 describes the experimental details of the fabrication of a precursor solution
and CBTS(Se) thin films. It also highl'ﬁhts the deposition of Al contacts used for the various
electrical measurements. This chapter includes details of the analytical methods and tools (for
instance, XRD. Raman spectroscopy, SEM, EDS, I-V characteristics, impedance
spectroscopy. etc.) used to characterize and analyse the obtained films. -

Chapter 3 deals with the numerical simulation carried out in CZTS and CBTS solar
cells in order to understand the defect tolerance of the CBTS as compared to CZTS. The role
of defect densities at the MoS»/CZTS, CZTS/CdS, a%bulk CZTS has been studied to simulate
the champion CZTS solar cell device. Introduction of the BSF layer at the rear contact of the
device has been suggested and analysed H simulation. Further, the same values of the defect
densities optimized in CZTS have been used for the simulation of the CBTS thin film solar
cells. In addition, these defect densities were further tuned for simulating CBTS thin film solar
cells.

Chapter 4 establishes the growth of CBTS films by using a molecular precursor
solution, intuitively manipulating the Ba concentration in the solution, and the influencing
methods of the post-sulfurization process. The output of post-deposition heat treatment were
elucidated from methodical variation in the dwell time, temperature, and sulfur amount. High
composition of Ba resulted in phase-pure CBTS thin film by sulfurization at a particular

temperature, dwell time, and sulfur amount. This chapter highlights the optical and electrical




properties of the phase-pure thin films. The obtained phase-pure CBTS films have shown ~30%
white light photosensitivity.

Chapter 5 deals with the details of Se-alloying to make CBTSSe thin films. Selenium
alloying is expected to help tune the bandgap of the film to make it suitable for solar spectrum
absorption. A method of sulpho-selenization, meaning annealing of as-deposited films with S
and Se both, has been adapted to make CBTSSe thin films. The role of dwell time, temperature,
and sulfur amount on the evolution of single-phase CBTSSe was studied. Phase pure film was
obtained for Ba/Sn=1.7 in the solution and film sulfurized at 550 °C for 45 minutes with 1.0 g
of S and 0.1g of Se. Further, the amount of Se was varied from 0.1-0.4g during sulpho-
selenization, and CBTSSe phase was obtained for all Se amounts. These films with different
amounts of Se were further characterized for bandgap, surface morphology, and composition

Chapter 6 summarizes the results of the research carried out and presented in the earlier

analysis.

chapters. It also discusses the scope for future work.




CHAPTER 2
Experimental details

This chapter deals with the details of experimental methods used for synthesis of the
Cuw;BaSnS, (CBT nd Se-alloyed Cu:BaSnSs (CBTSSe) thin films. This chapter also
includes the details of the characterization techniques used to analyze the synthesized thin films

and devices.

2.1 Deposition of CBTS/CBTSSe thin films

Among the various approaches to synthesize thin films, solution based approaches
appear attractive because of the ability to deposit on large area substrate and low cost of the
process. Molecular precursor solution based process offers various advantages such as control
of composition, low temperature processing and less consumption of energy (Tumbul et al.,
2019). However, in the case of solution processing of CBTS(Se) thin films, poor solubility of
salts of Ba and formation of secondary phases pose major challenges (Teymur et al., 2018). In
this work, 2-methoxy ethanol based molecular solutions are used to prepare the CBTS thin film
by spin coating process. The precursor solutiop was formed by mixing two solutions. First a
solution (sol A) was prepared bﬁlissolving 1.545 g of cupric acetate (CH3COO0):Cu-H.O
(99%, AR/ACS Loba Chemie), 0902 g of stannous chloride dihydrate SnCl;.2H,0 %,
AR/ACS Loba Chemie) and 24358 g of thiourea NH2CSNH:2 (99%, AR Loba Chemie) in 10
ml of 2-methoxyethanol (99.5%, AR/ACS Loba Chemie) separately under constant magnetic
stirring at 60 °C for 1 hour. The solution thus obtained is clear solution of transparent yellow
colour. Second solution (sol B) was prepared by mixing barium acetate (CH3COO):Ba (99%,
ACS reagent Sigma-Aldrich) in 5 ml of 2-methoxyethanol with a few drops of lactic acid (92%,
AR Spectrochem) with magnetic stirring at 70 °C for 30 min. In certain cases, the Ba/Sn ratio
in the final precursor solution was changed by varying the amount of barium acetate in solution
B. Solution A & B were mixed under constant magnetic stirring at 30 °C for 15 min to get a
clear pale yellow precursor solution. m

This precursor solution was deposited in form of the films on soda lime glass substrates
by the spin coating technique. The precursor solution was put on the substratﬂmpwise using
a dropper and spun at 1400 rpm for 20 s and the film was subsequently dried at 270 °C on hot
plate for 2 min. This process was repeated five times in order to get an as-deposited film of
sufficient thickness. This as-deposited film was sulfurized in a tubular furnace wherein the film

was placed horizontally facing down the sulfur-powder (99.5% AR Loba Chemie) in an










work, the XRD measurements were performed on the sulfurized films to analyse phase

formation using a Rigaku SmartLab SE diffractometer using Cu-Ko radiation.

2.3.3 Raman spectroscopy
Raman Spectroscopy relies on scattering of incident light to determine the chemical
structure. Along with the identification of chemical structure, it helps to determine phase,
intrinsic strain/stress and contamination/impurity if present in the material (Szymanski et al.,
1967). Typically, a laser of particular wavelength is used as excitation source. Photons of the
incident light induce polarization in the electron cloud of the molecule and transfer their energy
to the molecule. This energy is re-emitted immediately as scattered light photons. These
scattered photons can have different frequency than the incident photon and the shift in
frequency is called Raman Shift. Raman shift projects information about the rotational and
vibrational modes, and are characteristics of the molecules of the samples. Raman spectra
tes a unique fingerprint of the samples that helps to identify it. In this work, we have used

a LabRam HR Horiba Raman-spectrometer with a 532 nm laser.

234 anning electron microscope (SEM) and Energy dispersive X-ray spectroscopy
(EDS)

The surface and cross section microstructure of the films was examined by the field
emission scanning electron microscope (FESEM). It is based on the principle of capturing the
image of the surface by interaction of electron beam with the surface. Electron beam in FESEM
is created by potential gradient between cathode and anode using a field emission gun. Field
emission gun uses a very sharp tipped single filament of tungsten to create electron beam and
this beam is focused using an electromagnetic lens system (Goldstein et al., 2003). When a
focused electron beam is incident on surface of the sample there is ejection of secondary and
back-scattered (BS) electrons, and X-rays. Secondary and BS electrons are generated due to
inelastic and elastic intcracti()% respectively. In this work, we have used a Carl Zeiss Sigma
500 microscope for capturing the surface and cross-sectional images.

For the elemental analysis of the films, EDS was employed using a Bruker QUANTAX
200 system at different points on the sample surface. In the EDS technique, the composition of
the sample is obtained from the energy of the X-rays generated by electron irradiation. These
incident electrons create a vacancy in the inner shell of the orbital of the constituent atom, thus

the electrons from outer shells with higher energy are transferred to the vacancies emitting




characteristic X-rays. These emitted X-rays have particular energy for every element and thus
element can be identified by measuring the energy of the emitted X-rays.
23.5 UV-Vis spectroscopy

UV-Vis spectroscopy records the amount of light transmitted, absorbed and reflected
by the sample in comparison to a given reference (glass in our case). The coefficient of
absorption (o) was determined by uging the following formula (Dolgonos et al., 2014),

o[
2.2

where, R is reflectance, T is transminan&and t represents sample thickness. With the
help of absorption coefficient, we can calculate the bandgap of the material using the tauc plot
using the following equation,
ahv= A(chv-Eg)!™ (2.3,“;

where, h is Planck’s constant, v is incident photon frequency and A is a cqpstant.
Further, m is a constant that depend upon the nature of transition. Its value could be 1/2 for
direct-allowed, 3/2 for direct forbidden and 2 for indirect-allowed transitions. In our case we
have taken its value to be 1/2 considering direct allowed transitions (%en el al., 2018). We
have used a Shimadzu spectrophotometer (UV-2600) for measuring the transmittance and

reflectance of the sample in wavelength range of 300 - 1400 nm.

2.3.6 Photoluminescence measurements

Photoluminescence (PL) spectroscopy helps to study luminescence properties of the
material. It can help to identify impurity levels present and recombination mechanism. It is
based on the process of photoexcitation of the electrons to the excited state and then emission
of the light when electron get relaxed from excited state to the ground state. First, the
absorbance spectrum is evaluated for different wavelengths at fixed emission wavelength.
Then, information from absorbance spectrum is used to fix the excitation wavelength for
recording the emission spectrum. The emission spectra is then recorded for different
wavelengths. The data recorded contains peak emission intensity vs wavelength, which helps
to determine the bandgap. In this work, we have used an Agilent Cary Eclipse Fluorescence

spectrophotometer to record emission spectra at an excitation wavelength of 440 nm.










with respect to the potential difference (V) between the semiconductor and electrolyte
interface. When the semiconductor comes in contact with electrolyte redistribution of charges
take place, and the conduction and valance band edges get shifted to match the semiconductor
fermi level with redox potential of the electrolyte. However, there exist an applied potential
where no band bending takes place and this is referred as flat-band potential (Erg). From the
x-intercept of 1/C.* versus V plot, we can find Vs and from its slope, the acceptor concentration

of the semiconductor (Na) can be determined using the following equations,
1
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&~ gz V" Ve 720 @6

Furthermore, the valance band edge can be found by using the following equation,
— KT (M
Eyn = Vpp + 5 In (N,,) @7
From the knowledge of the valance band edge position (Eyg) and the bandgap (E,) of the
semiconductor, the bottom of the conduction band (E¢g) can be calculated as E¢p = Eyp + B, .

This will help to draw a complete energy band edge diagram.




CHAPTER 3
Analysis of CZTS and CBTS thin film solar cells by numerical simulations

As digcussed in Chapter 1, although CZTS has drawn significant research attention in
recent years as an alternate absorber material for thin film solar cells, the highest efficiency
achieved for the solar cells of CZTS and CZTSSe is stagnated at 11.03% and 12.6%,
apectively (Mitzi et al., 2011; Walsh et al., 2012). This inferior performance compared to the
CIGS and CdTe based thin film solar cells has been attributed to a large Vo deficit, which is

ortedly caused by various recombination losses of the photogenerated charge carriers (Mitzi
etal.,2013; Chen et al., 2010a; Chen et al., 2010b). Among the various strategies attempted to
minimise the Voc deficit, minimization of recombination at the front and rear interfaces has
drawn the interest of many groups (Song et al., 2020; Kaur et al., 2017; Scragg et al., 2011;
Scragg et al., 2013; Park et al., 2018; Shin et al., 2013). At the rear interface (i.e., at the back
contact Mo), a degradation reaction occurs during the sulfurization process yielding a MoSx
layer (Scragg et al., 2011) that deteriorates the device performance by increasing the series
resistance (Shin et al., 2013). In order to inhibit this reaction, the growth of an intermediate
layer between the Mo and the CZTS has been proposed. These layers between the Mo and
CZTS prevented the detrimental reaction (i.e., thg formation of the MoS: layer) at the rear
contact by blocking the diffusion of S towards it (Liu et al., 2017; Lu et al., 2020). While the
use of the intermediate layeralas yielded better efficiency compared to the devices without the
intermediate layers (Scragg et al., 2013; Cui et al., 2014; Liu F. et al., 2014; Li et al., 2014;
Park et al., 2018; Liu X. et al., 2014), further improvement is warranted.

Another issue associated with the back contact is the existence of a potential barrier for
the photogenerated holes. This barrier facilitates carrier recombination leading to the reduction
in collection efficiency and hence, performance degradation (Bar etal., 2008). Incidentally, the
recombination losses is exaggerated due to a large back contact area, typically used in the CZTS
devices (Dasa et al., 2012). The barrier for transporting the photogenerated holes can be
lowered, for example, by introducing a back surface field (BSF) through the insertion of a p-
type intermediate layer (von Roos, 1978; Khosroabadi and Keshmiri, 2014; Ghobadia et al.,
2020, Benze%&:t al., 2021). This approach relies on creation of a built-in field in the direction
same as that in the p-CZTS/n- CdS junction of the solar cell. This electric field, in turn, would
provide a conductive path to the holes and act as a potential barrier to the minority carrier
electrons, thus minimizing the recombination at the back contact interface. Since, the width of

the depletion region - wherein the built-in field is operational - is extended into the regions




with lower carrier concentration, an effective BSF layer is required to be heavily doped (p*
type) compared to the CZTS layer.

In this chapter, we have studied the CZTS and CBTS based solar cells by numerical
simulations and identified the performance limiting factors. In particular, the role of defects at
the front and back interfaces as well as in the bulk of the absorber layer have been established.
We also show how by using a BSF layer, the carrier collection can be manipulated to improve

the performance of the CZTS and the CBTS based solar cells.

3.1 Simulation methodology

The numerical analysis of a device involved solving the continuity equation for
electrons and holes, and the Poisson’s equation as implemented in the Solar Cell Capacitance
Simulator (SCAPS) 3.3.08 package. For the simulations, SCAPS solves the basic
semiconductor equations (the Poisson equation, relating charge with electrostatic potential (),
and continuity equations). The Poisson equation is given by,

d2
= = (p—n+Np—Na+ pp—p,) (3.1)

A2 fofr

where e is electric charge, &, is permittivity of free space, & is relative permittivity, n and p are

electron and hole concentration, respectively, Np and N4 are donor and acceptor concentration,
respectively, and pn and pp are electron and hole distribution, respectively. The continuity

equation is given as
din _ D _ -
=G-R o —G-R (3.2)
where j, and j, is current density of electron and hole, respectively, and R and G are
recombination and generation rate, respectively (Mostefaoui et al., 2015). The drift and
diffusion equations for the charge carrier transport are given by: j, = Dn% + nnE%;
78
ip =Dp % + 1P %: where un and yp are mobility of the electrons and holes, Dy and
D, are corresponding diffusion coefficient (Burgelman et al., 2000). For a more accurate
prediction of the device performance, possible recombinations at interfaces based on Shockley-
Read-Hall formalism have been included. The considered cell structure is same as the

experimental cell, which has yielded the highest efficiency for CZTS (Yanet al., 2018).







Table 3.1: Parameters for front and back contacts used in the simulation

Properties of back metal contact

Properties of front metal contact

Metal work function S5eV Metal work function Flat bands
V of electron 10° cm/s SRV of electron 107 cm/s
SRV of hole 107 cm/s SRV of hole 10° cm/s

Table 3.2: Parameters for different layers used in the simulation

MoS: | CZTS | CBTS | CdS i-ZnO | ITO
Thickness (pm) 03 08 0.80 0.06 0.06 024
Bandgap (eV) 13 15 1.9 24 34 33
Electron affinity (eV) 40 45 3.6 445 4.6 4.10
ielectric permittivity 40 10.0 544 100 90 100
CB effective density of states 750 2200 | 2200 10.00 1000 | 20.00
10'7/cm?)
VB effective density of states 1.800 18.00 18.00 10.00 10.00 18.00
0'"%cm?)
Electron thermal velocity (x107 | 1.00 1.00 1.00 1.00 1.00 1.00
cm/s)
Hole thermal velocity (x 107 1.00 1.00 1.00 1.00 1.00 1.00
cm/s)
Electron mobility (x107 1.00 1.00 30 1.00 1.00 0.5
cm?/Vs)
Hole mobility (x10' cm*/Vs) 15.00 2.50 10 2350 2.50 750
Donor density (x10'7) 0 0 0 10.00 100 | 100.00
Acceptor density (x10'%) 1.00 330 1.00 0 0 0

The data for MoS2, CZTS, CBTS, CdS, i-ZnO and ITO have been taken from the references
Lin et al., 2020, Gupta and Dixit, 2018, Khattak et al., 2018, Sadanand and Dwivedi, 2019,

Hamri et al., 2019 and Adewoyin et al., 2018, respectively.













chosen to be 1 x 10" cm™ which corresponds to interface recombination speed of 1 x 10® cm/s.
The bulk defect density was considered to be 5.5 x 10" cm™*, which corresponds to the minority
carrier lifetime of 18 ns (using © = 1/ovNy, where ¢ is conductivity, v is speed and N is the total
defect density) (Courel et al., 2016) and the value of MoS»/CZTS interface defect density is
considered to be 1x0'%em™.

Using these values of defect densities, a CZTS solar cell has been designed and the
results are presented in Fig. 3.5. From the band diagram of the device under illumination (Fig.
3.5a), formation of MoS: layer at the back contact introduced a negative VBO = -0.7 eV, This
was calculated from VBO = (% yo5,+ Egmos,) - (% czrs+ Eeczrs), where y and E; are the
electron affinity and bandgap of the corresponding materials (Minemoto et al., 2015). This
VBO acts as a barrier for the movement of holes towards the back contact and is detrimental
for the device performance. As expected, due to the high defect density, a sharp reduction in
the charge carriers near interfaces is observed (Fig. 3.5b). The current density profiles
corresponding to electrons and holes across depth of the device are also shown in Fig. 3.5¢c.
The simulated device exhibited Voc =0.73V, Jsc = 21.59 mA/ecm?, FF = 69.77% and n=11.0%
as shown in Fig. 3.5d, which are very close to the experimental value (Yan et al., 2018). The
close similara in performance metrics of the simulated device and the experimental one

validates the defect densities in the CZTS and at the interfaces considered here.









In this section, the role of defect density at the interfaces and in the bulk of CZTS and
the effect of the properties of the BSF layer on overall device performance have been studied
in detail. We have numerically investigated the impact of a BSF layer in the form of Cu20,
which has not been explored in the CZTS solar cells previously. It may be noted that the
fabrication of CuO is relatively straightforward and may be easily implemented
experimentally (Drobny and Pulfrey, 1979: Herion et al., 1980; Golden et al., 1996, Mevyer et
al., 2012; Zuo and Ding, 2015; Yu et al., 2016). Significant enhancement in 1 of the CZTS
solar cells up to 14.70% is observed primarily due to a decreased recombination current density
facilitated by an optimized Cu20 BSF layer. In addition, for a comparison with the reported
improved performance due to a SnS layer near the back interface (Omrani et al., 2018; Ren et
al., 2017), we show that for a high acceptor concentration (~10% cm'3), an efficiency as high
as 15.70% can be achieved. Furthermore, a better understanding of the role of valance band
offset (VBO) at the back interface has been achieved by studying the variation in electron

affinity of the BSF layer.

3.2.3.1 Cuz20 as a BSF layer

In our study, we have included a 100 nm thick Cu.O layer (with an acceptor
concentration Na. of 5.0 x 10'® cm) between the Mo and the CZTS absorber layer to elucidate
the potential benefits of BSF. The material properties of Cu20 layer used in simulations are
listed in Table 3.3. It is worth noting that the simulations include defect densities similar to the
ones assumed in the study of the experimentally obtained highest efficiency CZTS cell (shown
in Fig. 3.5d). Figures 3.7a-c show the energy band diagram, distribution of carrier density and
current density across the device, respectively. Figure 3.7d shows the cur&t—voltag&:
characteristic of the device. With the introduction of the CuO BSF layer, the open circuit
voltage (Voc) increased from 0.7303 to 0.7497 V and the efficiency of the device increased
marginally to 11.35 from 11.01%. However, Jse and fill factor FF were not much affected,
which may be most likely due to the fact that short wavelength photons are absorbed by the n-
layer and long wavelength photons are absorbed by p-layer and by adding a BSF layer there is
no effective improvement in overall photon absorption. From the bandgap and electron affinity
values of BSF and absorber layer, a negative VBO of -0.7 eV between Cu20 and CZTS, and
an activation energy for recombination E; = 0.8 eV (E, = Eg s - IVBOI) were estimated. The
role of VBO in the increase in efficiency is ruled out since VBO with CuzO is similar to that
of the MoS; layer (Fig. 3.5a). Instead, the enhanced performance is attributed to high doping
in Cu»0, which is of the order of 10'® cm™ as compared to 10'® cm™ of CZTS layer. This













Table 3.3: Material properties of Cu20 and SnS layer used for simulation

layer properties

Cw0O (Guptaet al.,

SnS (Omrani et al.,

2018) 2018)
Thickness (p#m) 0.10 &IO
Bandgap (eV) 2.1 1.3
Electron affinity (eV) 32 4.2
ielectric permittivity (relative) 7.1 125
effective density of states (xlOlgl.’cm3) 2.50 10.00
VB effective density of states (x10'%cm?) | 1.50 4.13
Electron thermal velocitwm?cm/s) 1.00 1.00
Hole thermal velocity (XIOTle’S) 1.00 1.00
Electron mobility (x10' em?/Vs) 20.00 2.50
Hole mobility (x10" cm?/Vs) 8.00 1.00
Donor density (1/cm?) 0 0
Acceptor density (x10'%/cm?*) 500 3.00

3.2.3.2 SnS as BSF layer

Similar to the case of Cu»0O presented in the previous section, we have next studied the

impact of BSF layer in the CZTS based devices. Earlier, Ren et al. have experimentally

shown that the presence of a thin SnS layer at the rear CZTS is beneficial for the performance

of CZTS solar cells (Ren et al., 2017; Garain et al., 2021). We have performed si

tions to

identify the role of SnS layer in the reported enhanced performance of the devices. The results

are depicted in Fig. 3.10. Figure 3.10a shows the energy band diagram of the CZTS solar cell

with a 100 nm thick SnS as BSF layer with acceptor density of 3.0 x 10" cm?.













3.3 Simulation of CBTS based solar cell

As discussed in Chapter 1, Ba substitution in CZTS that yields CuzBaSnS4 (CBTS) has
been suggested to improve the cation ordering in the absorber layer. Improvement in the
cationic ordering is expected to improve the device performance (Xiao et al.,2016; Shin et al.,
2016). Although, the CBTS solar cells have shown very promising results in a short span of
time, their performance is still inferior to that of the CZTS devices (Teymur et al., 2022). Yet,
the details of charge collection mechanisms operational in the CBTS based devices are not
clear. The impact of various material and junction properties inauding bulk and interface
defect densities, band alignment at back and front contacts, etc. op the performance of the
CZTS based devices has been studied numerically in detail (Houimi et al., 2021; Mazumder et
al., 2022; Zhang et al., 2021). For instance, Haight et al. have shown that a spike-like band
alignment at CZTS/CdS interface is more favourable in that it facilitates electron flow and
minimizes recombination at the interface (Haight et a_, 2011). Many groups have suggested
the use of a BSF layer to reduce recombinations at the back interface (Giraldo et al., 2021;
Minbashi et al., 2017; Omrani et al., 2018). In the previous sections (Section 3.2.1 and 3.2.2)
while simulating the champion CZTS device (that demonstrated efficiency of ~11%), we found
that such a performance would correspond to bulk defect density of order of 10'5 em™ and
interface defect density of ~10" em™?and ~10'* em? at CZTS/MoS: and CZTS/CdS interface,
respectively. Similar numerical elucidation of CBTS devices is scarce in literature, although it
is of high importance and can assist the experimentalists greatly. In particular, it is of huge
interest to examine the resulting scenario in the CBTS based device with the defect densities,
which have yielded the best performance in CZTS devices. We have investigated the CBTS

solar cells by numerical simulation as outlined in Section 3.1.

3.3.1 Comparison with experimental champion device

For numerical investigation of the CBTS solar cell, bulk defect density of 10" cm™ and
interface defect density of ~10" em? and ~10'* cm™ at the CBTS/MoS2 and CBTS/CdS
interfaces are considered as initial conditions. It may be noted that these values of the defect
densities are the same that have yielded the highest efficiency in the CZTS solar cells, as
discussed in Section 3.2.2. The defect energy levels are considered to be located at 0.6 eV
above the valance band maxima as reported by other researchers. Figure 3.13 shows the typical

device structure with CBTS as an absorber layer.





































where q, k, A, T, joo and j« are electronic charge. Boltzmann constant, ideality factor,
temperature, reverse saturation current and short-circuit current density. Activation energy for
recombination is given by E. = Egcnrs - [CBO| and by varying ycas from 4.0 to 5 eV, the
activation energy for recombination decreased from 1.5 to 0.5 eV. This decrease in the
activation energy presumably resulted in severe increase in the interface recombination and
thus, significant reduction in Vec. These results suggest that ¥cas should be small (~4.0 eV) for
an efficient current transport across the CBTS-CdS junction that may yield high efficient solar
cells.
72

In Summary, we have numerically investigated the CZTS and CBTS thin film solar
cells. In particular, the efficiency limited by various material properties was analysed and
pathway to realize devices with efficiency much higher than the reported maximum value has
been proposed. We have elucidated distinct role of defect densities at back and top interfaces
and in the bulk of the absorber layers. It was found that&e effect of bulk defect density is more
profound compared to that due to the defgcts at MoS2 and CdS interfaces. For the CZTS solar
cells, we have shown that by introducing a highly doped p+ layer between the back contact Mo
and the CZTS layer, efficiency can be improved. For instance, with introduction of a BSF Cu;0
layer, the efficiency increased from ~11.0 to 11.4% while the BSF SnS layer yielded an
increase in efficiency to ~14.2%. More imponan% it is found that a higher concentration
gradient at the p-p+ interface significantly lowered the open circuit voltage deficit (E¢/q - Voc)
and enhanced the efficiency remarkably. At optimized conditions, efficiency as high as 14.70%
and 15.70% for CuO and SnS, respectively, were obtained.

For the CBTS solar cells, the performance is severely deteriorated for bulk defect
density > 10" e, Intuitive manipulation of defect densities yielded an efficiency of 6.9% for
Nmos,cprs = 10" em?, Neasients = 10 em™ and Neprs= 10" em™. The impact of the non-
adiative recombination coefficient B;, Auger electron (A.) and hole recombination coefficient
(An) has been explicitly studied, which revealed critical limits of 107 cm¥/s, 10"? cm®/s and
1022 cm®/s, respectively. Further improvement in performance of the device was achieved by
optimizing carrier density of CBTS and CdS layers and facilitating current transport by
tailoring the band alignment at the CBTS/CdS junction. The results suggest that device
efficiency of about 11% can be obtained, which is a huge improvement over the current

experimental champion cell of 6.2%.




CHAPTER 4
Growth and characterization of Cu:BaSnS4 (CBTS) thin films

In the previous chapter, it was shown that by optimizing the defect density at the
interfaces and in the bulk, it may be possible to achieve 11% efficiency in contrast to the highest
reported efficiency of ~6% for the CBTSSe based thin film solar cells (Teymur et al., 2022a).
However, experimental realization of the same will be very challenging due to typical
complexities involved in the synthesis of the CBTS film and device. Traditionally, solution
based approaches for the synthesis of semiconducting thin films have been routinely preferred
due to their distinct advantages. However, there have a been a number of issues in the
fabricatiop of phase pure CBTS films by a solution method due to poor solubility of the Ba
salts and formation of secondary phases such as Cu:SnSs3, CuS and BaSO4 (Teymur et al.,
2018). The survey of literature on formation of CBTS thin films by solution based methods is
presented in Chapter 1. One can find that despite interest on the fabrication of CBTS based thin
films, studies enlightening the phase evolution mechanism and possible methods to mitigate
unwanted secondary phases are scarce. In this chapter, the growth of single phase CBTS films

and results of their detailed characterization are presented.

4.1 Evolution of CBTS phase

In this work, films weyéfabricated by sulfurization of the precursor films, which were
deposited by spin coating of the precursor solution obtained by fully dissolving cation and
anion salts. This method of dissolving at molecular-scale is considered to remove the long-
range diffusion of precursors and provide explicit control of stoichiometry (Miller et al., 2012;
Todorov et al., 2020). The details of synthesis of the film are outlined in chapter-2. Briefly,
two solutions were prepared: Solution A contains salts of Cu, Sn and S while Solution B
contains Ba salt. Cu solution is blue in colour and it turns milky when Sn is added to it. After
adding thiourea, a clear transparent yellow solution of Cu-Sn-S is obtained. The solution
containing Ba is a clear transparent solution, which when mixed with Cu-Sn-S solution,
resulted in clear transparent pale-yellow solution. Fig. 4.1a shows the actual photographs at
various stages of the making of the solution. The precursor films were dried at 270 “C on hot
plate during spin coating process. The drying temperature was chosen from a TGA analysis of
the powder prepared by drying the precursor solution at 90 “C for 12 hours. Figure 4.1 b shows
a representative TGA curve of a powder prepared by drying of the precursor solution

containing salts of stoichiometric ratio ([Cu]:[Ba]:[Sn]:[S] = 2:1:1:4). Sharp weight loss was
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yielded predominantly BaSO4 and Cu2SnSs phases, whereas [Bal/[Sn] = 1.4 favoured the
formation of phase pure CBTS for precursor films sulfurized at 575 C. UV-visible and room
temperature PL measurements revealed a band gap of ~2.0 eV for these films. The films
showed white light sensitivity (~30%) for illumination of 24 mW/cm?. Detailed electrical and
electro-impedance measurements showed p-type conductivity with 1.7x10'* cm™ a carrier

concentration for the films.




CHAPTER 5
Growth and characterization of Se-alloyed Cu:BaSnS4 (CBTSSe) thin films

As shown in the previous chapter, CuzBaSnSs (CBTS) thin films were synthesized
using a molecular precursor solution and employing optimized post-deposition annealing
process parameters. Phase-pure CBTS films were obtained for a concentration ratio of
[Ba]/[Sn] = 1.4 in the solution and sulfurized at 575 °C for 45 minutes with 1.0 gof Sin a
tubular furnace under flowing Argon. The introduction of Se in pure sulphide CZTS helps tune
the bandgap and improve its grain size (Raju at al., 2013; Tiwari et al., 2017a; Tiwari et al.,
2017b). The tuning of bandgap he%in increasing the range of solar spectrum that can be
absorbed, whereas the increase in grain size decreases the density of grain boundaries, and
hence minimi the recombination rate at the grain boundaries (Wei et al., 2019).
Consequently, the power conversion efficiency of the CZTSSe devices is increased. Along
similar lines, it is expected that Se alloying of CBTS will decrease the bandgap from 1.9 eV,
making it more appropriate for photovoltaic applications. In fact, the theoretical calculation has
predicted that the bandgap of CuzBaSn(S;.xSey)s lies in the range of 2.0 - 1.55 eV, _and the
minimum value of 1.55 eV is obtained for x = 3 (Hong et al., 2016). This chapter deals with

the synthesis of CBTSSe thin films using the solution-based process.

5.1 Evolution of phase in CBTSSe thin films

The details of the synthesis of the films from a molecular precursor solution have been
presented in Chapter 2. Briefly, two solutions, solution A (containing copper acetate, tin
chloride and thiourea mixed homogeneously in 2-methoxyethanol) and solution B (prepared
by mixing barium acetate with the help of lactic acid in 2-methoxyethanol) were prepared.
These two solutions were mixed under magnetic stirring for 15 minutes to make the ursor
solution. Amount of Ba in Solution B was adjusted to vary [Ba)/[Sn] ratio in the final solution.
The precursor solution was spin coated on SLG substrates and was dried at 270 °C for 2
minutes. This cycle of spin ggating was replicated for several times to get a sufficiently thick
as-deposited film. The as-deposited film was annealed in_a tubular furnace at various
temperatures with 1.0 g of S (this amount of sulfur was used for the synthesis of phase pure
CBTS thin films as mentioned in the last chapter). While annealing along with sulfur, different
amounts of Se ingots were placed in the crucible. This process of heat treatment in presence of

solid sulfur and selenium is referred to as sulpho-selenization.
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where o represents angular frequency, Z’, Z2” and |Z| represents real part, imaginary part and
magnitude of the measured impedance respectively. The decrease in capacitance is observed
with increase in frequency for f < 10% Hz and it saturates, similar to the previous reports on the
CZTSSe (Patil et al., 2020).

The Nyquist plot of complex impedance is shown in Fig. 5.13c. Ag obsereved from the
figure, the curve have a half semicircle in the frequency range from 7 MHz to 1 kHz and a
straight line in the low frequency region from 1 kHz to 1 Hz. It was attempted to fit the
measured impedance data with multiple combination of series resistance and resistor-
capacitance pairs. However, the only circuit represented in the inset of Fig. 5.13¢ was a
successful fit. In this equivalent circuit, two resistor-capacitor element pairs, a series resistance
and the Warburg element were included. As discussed in Chapter 4, the capacitance of the
space charge region (Csc) and the accompanying resistance (Rsc) are due to contact between
electrode and electrolyte, and are responsible for the high frequency region of the curve. A
single semicircle (though incomplete) obtained in this region suggests the single relaxation
process. On the other hand, the Warburg element W characterizes the linear behaviour in the
low frequency region that accounts for ionic diffusion within electrolyte close to electrolyte-
electrode interface region. The second resistor-capacitance pair suggests the resistance due to
charge transfer at interface of the working electrode and electrolyte, Rer and the accompanying
Helmholtz capacitance, Cn (Ge et al., 2017; Formal et al., 2011).

The values of the circuit elements obtained from the fitting of the data are shown in
Table 5.1. The characteristic time constants corresponding to the resistance-capacitance pairs
was determined to be 0.015 ps and 0.32 s for the Rsc - Csc and Rer - Cn pairs, respectively.
These values of time constants suggests that the transfer of charges at the CBTSSe-electrolyte
interface is much slower compared to the electronic process occurring in bulk CBTSSe. Such
a behaviour has been reported for CBTS based photoelectrochemical cells earlier (Ge at al.,
2017a, Ge et al., 2017b).

It is worth mentioning that the Nyquist plot for the CBTSSe thin film was very similar
to that obtained for the CBTS films (presented in Chapter 4). For easy comparison, the data
obtained for the CBTS films (Chapter 4) are presented in Table 5.1. As noted from the table,
the values for R, were similar (21.42 Q for CBTSSe versus 21.9 Q for CBTS) whereas the Rsc
values decreased significantly (28.5 Q for CBTSSe versus 221.7 Q for CBTS). Similarly, the







gure 5.13d shows the Bode plot of the CBTSSe electrode. The Bode plot, gives
information about the life time of electron within the electrode-electrolyte transitions. The
superior electrochemical behaviour was suggested by the negative values of the phase angle
(Swami et al., 2014). The carrier lifetime was estimated from the following equation (Sharma

etal., 2021),

T=— (5.3)

27t fmax

For the prepared CBTSSe thin films, a carrier lifetime of 18.89 us is calculated. This value of
the carrier life time is smallﬁ than that of the CBTS films (44.62 ps, Chapter 4). Typically, the
carrier lifetime depends on the carrier recombination rate, i.e., higher lifetime means the lower
carrier recombination loss.

To study t rocess of charge transfer at the CBTSSe semiconductor-electrolyte
junction of the cell, the capacitance-Voltage measurements were performed at 10 KHz under a
DC voltage bias applied vs RHE. The results are depicted in Fig. 5.14. An exponential decrease
in the capacitance was noted under the reverse voltage bias with a fixed polarization potential
as show in Fig. 5.14a. The depletion width (W4) and space charge density (Nc.v) was derived

from the capacitance-voltage graph using following equations,

W, = 22 (5.4)
c3

Neey = ———3e (5.5

CV T qepe,az(SE )

where €, &5, q, A and Cs corresponds to dielectric constalt of vacuum (8.854><l()']2 F/m),
dielectric constant of the CBTSSe (7.3), electronic charge, area of the CBTSSe film dipped in

the electrolyte and space charge region capacitance.







charge. The p-type conductivity of the CBTSSe thin films is ¢gnfirmed from MS plot having
negative e. The acceptor concentration calculated is 1.58x10'7 em™ using the slope of the
MS plot. The flat band potential (Vrs) is measured to be 0.40 V (vs RHE) using equation (5.7)
and the intercept of the M-S plot. The position of valance band maxima is measured to be at
0.50 V (vs RHE). Account'ag the band gap of CBTSSe film grown by sulpho-selenization with
04 g of Se, the position of the conduction band minima is determined to be -1.043V (vs RHE).
The band edge position has been summarized in Fig. 5,]14d as obtained from the analysis of the
MS plot. The Fermi level is estimated to be 0.102 eV above the valancg band maxima of
CBTSSe. The obtained results signifies that the developed p-type CBTSSe film can be used as
potential photocathodea)r hydrogen evolution reaction.

In this chapter, the growth of phase pure CBTSSe thin films by optimizing the process
parameters (such as [Ba]/[Sn] ratio in the pgecursor solution, sulpho-selenization temperature
and dwelling time, etc.) has been presented. The [Ba]/[Sn] ratio of 1.7 in the precursor solution
was found to be the most critical factor in obtaining phase pure films. By placing varying
amounts of Se in the furnace during the sulpho-selenization process step, the concentration of
Se in the films was systematically varied and the impact thereof was investigated. It was
observed that by varying the Se amount from 0.1 to 0.4 g during sulpho-selenization, the
Se/(Se+S) ratio in the resulted fias increased from 0.05 to 0.23. With increase in the Se
amount in the films, the bandgap of the films decreased gradually from 1.93 to 1.55 eV. The
EIS measurement on the film grown with 0.4 g of Se duringsulpho-selenization revealed its p-
type condﬁtivity with an acceptor concentration of 1.58 x 10'7 em™. The results indicate that

this films can be potentially used as photocathode for hydrogen evolution.




CHAPTER 6

Summary and future scope

The major outcomes of the thesis work are highlighted in this chapter. The work for the
future investigation has also been proposed.

Thin film solar cells offer promising solutions in the quest for cost-competitive and
environment-friendlﬁnergy resources. In the last two decades, Cu>ZnSnS4 (CZTS) has drawn
significant interest as an absorber layer in thin film solar cells due to its high absorptj
coefficient, suitable bandgap and non-toxic earth abundant constituents. However, the
efficiency of the devices has been stagnated at about 12.6% despite intense global efforts. This
performance is far lower than that predicted from the Shockley Queisser limit and is believed
to stem from a large V. deficit as a consequence of the presence of a large density of the Cuz,
antisite defects (caused due to similar sizes of Cu*' and Zn*?) in CZTS. Isoelectronic
substitution by very different sized cations has shown to improve the cationic ordering in
CZTS. In recent years, encouraging results have been obtained by replacement of Zn by Ba
that yields CuzBaSnS4 (CBTS). However, a large difference in size causes sigpificant structural
changes in CBTS, and hence, opto-electronic properties compared to CZTS. So far, the highest
efficiency obtained for the CBTS thin film based device is about 6% that suggests more
research is warranted on these films. This thesis deals with the growth and characterization of
CBTS and Se-alloyed CBTS (CB'IQE:) thin films.

In view of the differences in the optical and electrical properties of CBTS films with
those of CZTS, we have numerically investigated and compared the performance of both
devices. It is observed that an efficiency of about 17.68% can be achieved for CZTS solar cells,
which is much higher than the experimentally obtained record efficiency of 11%. The
experimental results could be simulated only when an appropriate amount of defects in the bulk
and at interfaces (i.e., back interface MoS2/CZTS and Elt interface CZTS/CdS) is introduced.
For instance, inclusion of bulk defect density of 5.5 x 10" em™, defect density of ~1x10" cm’
2 and ~1 x 10" em™ at back and front interfaces sugcessfully reproduce the champion device
efficiency of 11%. A possible route — by inserting a back surface field (BSF) layer - to improve
the efficiency of the devices with CBTS films having these amounts of defect density has been
demonstrated. We have studied the impact of Cu>O and SnS films as BSF layers and found that
the efficiency can be significantly improved to 14.7% and 15.7 %, respectively. On the other
hand, for CBTS films with similar defect density that resulted 11% efficiency for CZTS

(experimentally obtained champion cell) simulations yielded an efficiency of only 4.55%.




Performance of the CBTS devices could be increased to 6.9% (reported experimental value)
only when the defect densities were considerably reduced (interface defect density Nuos2/caTs
~ 10" em?, Neas/cars ~ 10" em™ and bulk density Nesrs ~ 10 em™). Apart from interface
fect densities, there is a critical limit to bulk defect densities as studied by varying non-
radiative recombination coefficient B;, Auger electron (A.) and hole recombination coefficient
(An). Results limits the value of B, Ae and An to 107 em®s, 10" em%s and 102% ecm®s,
respectively. The results suggest poor defect tolerance of CBTS compared to CZTS, and hence,
experimental conditions for the fabrication of CBTS films are expected to be more stringent.

The CBTS films were fabricated by spin coating of a freshly prepared non-toxic 2-
methoxy ethanol based molecular precursor solution and sulfurizing ihwith sulphur powder.
Although solution based routes appear attractive for fabrication of the films, the formation of
the secondary phases must be suppressed as their presence detrimentally affect the performance
of the solar cell. By varying the molar concentration ratio in ﬂﬁ solution and the sulfurization
parameters (temperature, dwelling time and sulphur amount), the reaction pathway leading to
the formation of phase pure CBTS was eaablishecl. It was found that the molar concentration
ratio [Ba)/[Sn] in the precursor solution plays a decisive role in the formation of initial phase
and hence, the reaction pathway. Ideal cation ratio always yielded secondary phases in spite of
a large variation in the sulfurization parameters. The low [Ba]/[Sn] values (< 14) in the
solution and low sulfurization temperature yielded predominantly BaSO4 and Cu2SnSs phases,
whereas [Ba]/[Sn] = 14 favoured the formation of phase pure CBTS for precursor films
sulfurized at 575 °C. UV—visible and room temperature PL. measurements revealed a band gap
of ~2.0 eV for these films. The films showed white light sensitivity (~30%) for illumination of
24 mW/cm?®. Detailed electrical and electro-impedance measurements showed p-type
conductivity having 1.7x10'* cm™ carrier concentration for the films.

Selenium-alloying of the CBTS films ie., CBTSSe films was carried out by heat
treating the as-prepared precursor films in the presence of 1.0 g of sulphur (that yielded CBTS
films) and varying amounts of selenium. It was found that the process parameters that produced
CBTS films yielded various secondary phases. This, thus, necessitated further optimization of
the parameters including Ba/Sn ratio in the precursor solution, sulpho-selenization temperature
and dwelling time, etc. The Ba/Sn ratio of 1.7 in the precursor solution was found to be the
most critical factor in obtaining the phase pure films. Typically. phase pure CBTSSe films were
obtained only for sulpho-selenization at 550 °C for 45 min with 1.0 g of sulphur and different

amounts of selenium. By placing varying amounts of Se in the furnace during the sulpho-



selenization process step. the concentration of Se in the films was systematically varied and
the impact thereof was investigated. It was observed that by varying the Se amount from 0.1 to
0.4 g during sulpho-selenization, the Se/(Se+S) ratio in the resulted fil increased from 0.05
to 0.23. With increase in the Se amount in the films, the bandgap of the films decreased
gradually from 1.93 to 1.55 eV. The EIS measurement on the film grown with 0.4 g of Se
during sulpho-selenization revealed its p-type conduﬁ'vity with an acceptor concentration of
1.58 x 10'7 cm™. The results indicate that this films can be potentially used as photocathode
for hydrogen evolution.

This thesis work is devoted to the growth of CBTS and CBTSSe thin films by a non-
toxic solution based method. The reaction pathway resulting to achieve single phase has been
established in both cases. Fabrication of solar cells ad correlating the device performance to
the property of the films discussed in this thesis will be natural extension of this work. For
instance, the role of surface potential at grain boundaries and interaction at interfaces (front
and back) can be studied to improve efficiency of devices. Studying the long-term stability of
CBTS thin films under various environmental conditions (e.g., humidity, temperature, light
exposure) and identifying degradation mechanisms are also very important for the photovoltaic
technology and should be undertaken. One can aim at developing passivation strategies or

protective coatings to enhance the stability and durability of CBTS solar cells.
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