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Introduction

The urgent need to address climate change and environmental degradation has
intensified the global pursuit of sustainable energy solutions. Traditional energy sources,
particularly fossil fuels, are increasingly recognized as unsustainable due to their
significant carbon emissions and environmental impact. In this context, the transition
toward low-carbon and renewable energy sources has become a global imperative.
Among these, solar energy stands out as a leading candidate capable of meeting a
substantial portion of the world's growing energy demand. Over the past decades,
photovoltaic (PV) technology has seen remarkable advancements, both in terms of
efficiency and accessibility, contributing to its widespread adoption. The European Union,
for instance, has committed to reducing carbon emissions by 55% by 2030 and achieving
full carbon neutrality by 2050. This policy momentum has translated into a dramatic
increase in solar energy deployment, with installed capacity growing from 3 GW in 2016
to 65.5 GW in 2024, and projections reaching 816 GW by 2030 [1]. However, to sustain
and further accelerate this growth, PV technologies must evolve to offer enhanced
efficiency, long-term operational stability, and reduced dependence on energy-intensive
or scarce materials. While silicon-based solar cells continue to dominate the commercial
market, their high manufacturing energy requirements and relatively elevated costs have
driven research into alternative technologies. Emerging thin-film solar cell technologies,
such as copper indium gallium selenide (CIGS), copper zinc tin sulfide (CZTS), and
antimony chalcogenide-based absorbers, offer promising pathways to lower energy and
material costs without compromising device performance and stability [2]. These
technologies, alongside newer innovations like perovskite and tandem solar cells, are
opening doors to applications beyond conventional utility-scale installations, such as
integration into Internet of Things (IoT) devices and building-integrated photovoltaics
(BIPV), ultimately enabling broader and more flexible utilization of solar energy [3].

This doctoral thesis is primarily focused on the development and optimisation of
antimony selenide (Sb2Ses) solar cells, a promising thin-film PV technology within the
broader class of antimony chalcogenide-based absorbers. Sh.Ses exhibits several
advantageous properties that make it highly suitable for next-generation photovoltaics,
including earth abundance, low toxicity, a high absorption coefficient (~10° cm™),
a favourable direct bandgap of approximately 1.2 eV, and relatively low processing
temperatures (~500 °C). As a simple binary compound, Sb,Ses is less prone to secondary
phase formation compared to more complex multi-element systems, thereby improving
phase purity and material reproducibility. Moreover, its unique one-dimensional crystal
structure, consisting of (SbaSes)n ribbons held together by van der Waals forces, promotes
anisotropic carrier transport along the ribbon axis and contributes to the material’s
inherent tolerance to grain boundary defects. The theoretically predicted maximum
power conversion efficiency (PCE) for Sh2Ses-based solar cells approaches 30%; however,
the highest experimentally reported PCE to date is approximately 10.5% [4]. This
discrepancy highlights the presence of limiting factors that continue to impede
performance and indicates substantial room for further optimisation. Although Sb2Ses
thin films have been fabricated using both chemical and physical deposition techniques,
physical methods, particularly close-spaced sublimation (CSS) and vapour transport
deposition (VTD), have shown considerable promise. These methods offer better control
over film morphology, especially in achieving vertically oriented, columnar grain
structures that are beneficial for carrier transport. Furthermore, the scalability of CSS and



VTD makes them suitable for large-area deposition, positioning them as viable techniques
for future commercialisation of Sb2Ses-based solar cells [5].

To achieve optimal power conversion efficiency (PCE) from Sb.Ses solar cells,
the selection of a suitable partner or ETL (Electron transport layer) is of critical importance.
In this doctoral work, cadmium sulfide (CdS) was chosen as the ETL layer for SbzSes solar
cell fabrication. The choice was primarily motivated by the favourable band alignment
between CdS and ShSes, the wide band gap of CdS (~2.3 eV), and the practical advantages
associated with its deposition via the well-established chemical bath deposition (CBD)
technique [6]. The CBD method offers a low-cost, scalable, and reliable route for producing
thin, uniform, and adherent CdS films, making it highly compatible with photovoltaic
applications. Significant progress has already been reported in the literature regarding
the development of CdS/ShzSes solar cells. Reported PCEs have reached 9.2% for core-shell
structured devices, 10.12% for devices fabricated in substrate configuration, and 10.57%
for those employing a superstrate configuration (Publication I1).

Although CdS/Sb:Ses solar cells have been the subject of extensive research,
systematic studies focused on optimising the CdS ETL through post-deposition treatment
(PDT), such as annealing under different ambient conditions and temperatures, are still
lacking. In other thin-film technologies like CIGS and CdTe, PDT has been shown to
improve ETL quality and interface properties, but similar investigations in Sb2Ses systems
remain underexplored. This represents a significant knowledge gap, as fine-tuning
the structural, optical, and electronic properties of CdS is essential for enhancing its
compatibility with Sb2Ses and improving overall device efficiency. Even with such
optimisation, challenges like interface recombination and defect states may persist. Prior
studies have attempted to address these issues by applying CdCl, or AlCls treatments on
CdS and Sh:Ses, resulting in modest improvements in open-circuit voltage (Voc) [7].
However, the direct incorporation of chlorine into the CdS ETL via precursor modification
has not been systematically studied before.

To address these gaps, this thesis explores a novel approach by doping CdS with
chlorine through the addition of NH4Cl in the CBD process, allowing Cl incorporation. This
strategy is aimed at modifying both the bulk properties of the CdS film and its interface
with ShzSes. In parallel, the deposition parameters of the Sb,Ses absorber layer were
optimized, specifically the source-to-substrate distance (Dso-sub) and the introduction of
inert Ar gas to better control film morphology and growth kinetics. Together, these
studies investigate the fundamental mechanisms and defect states that influence
performance, offering new insights into how interface and bulk engineering can be
combined to improve the performance of Sbh:Ses-based solar cells. Advanced
characterization such as secondary ion mass spectroscopy (SIMS) has been used to
confirm and study the chloride incorporation in the CdS films and the Cd interdiffusion
from CdS to Sb:Ses. The temperature-dependent admittance spectroscopy (TAS)
measurement at different bias voltages confirmed the Vs, and Ses, defects and the
defects closer to the heterojunction.

Based on the research findings, this doctoral thesis is organised into three main
chapters. Chapter 1 presents a comprehensive literature review on solar cell technologies,
including an overview of different absorbers and ETLs. Special emphasis is given to
antimony chalcogenide-based solar cells (Sb2Ses, Sb2Ss, and Sbh2SSes), covering their
fundamental properties and historical development in terms of efficiency improvements.
The chapter also explains the role and characteristics of the CdS ETL, along with detailed
descriptions of various deposition techniques for both CdS and SbzSes thin films.
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Chapter 2 outlines the experimental methodology employed throughout the thesis.
It details the deposition methods and processing conditions used for the fabrication
of CdS and Sbh2Ses layers, supplemented with real and schematic representations of
the experimental setups. Additionally, this chapter provides an overview of the
characterization techniques used to investigate the structural, optical, and electronic
properties of the individual layers, along with the characterization of the complete
CdS/Sh2Ses solar cells. Chapter 3 is divided into three sections, each corresponding to the
peer-reviewed articles forming the core of this thesis. The first section focuses on the
effect of PDT of CdS films on their properties and the subsequent impact on CdS/Sb2Ses
device performance. The optimized PDT conditions identified in this study were then
used in the second section, which explores a novel approach for chlorine incorporation
into the CdS layer via NH4Cl addition in the CBD process. The final section investigates the
impact of growth rate optimization on Sb.Ses absorber properties by tuning the VTD
process parameters, particularly the source-to-substrate distance and inert gas
introduction. The thesis concludes with a summary of key findings and their implications
for the future development of high-performance SbzSes solar cells.
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Abbreviations

PV Photovoltaics

CIGS Copper Indium Gallium Selenide
CZTS Copper Zinc Tin Sulfide

loT Internet of things

BIPV Building-integrated PV
SbaSes Antimony Selenide

Sh»Ss3 Antimony Sulfide

Sba(S,Se)s | Antimony Sulfoselenide
Sh2X3 Antimony chalcogenide — ShaSes, Sb2Ss, Sha(S,Se)s
CdTe Cadmium Telluride

ETL Electron Transport Layer
HTL Hole Transport Layer

GaAs Gallium Arsenide

Si Silicon

a-Si Amorphous Silicon

Mo Molybdenum

Eg Bandgap energy

o Photo absorption coefficient
TiO: Titanium dioxide

ZTO Zinc Tin Oxide

CSS Close-Spaced Sublimation
RTE Rapid Thermal Evaporation
VTD Vapor Transport Deposition
PLD Pulsed Laser Deposition

TE Thermal Evaporation

CvD Chemical Vapor Deposition
CBD Chemical Bath Deposition
Cdo Cadmium Oxide

Cd(OH)2 Cadmium hydroxide

FTO Fluorine-doped Tin Oxide
ITO Indium-doped Tin Oxide

RF Radio Frequency

PDT Post-Deposition Treatment
SIMS Secondary lon Mass Spectroscopy
Voc Open-circuit voltage

Jsc Short-circuit current density
FF Fill factor

PCE Power Conversion Efficiency
EQE External Quantum Efficiency
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SKP Scanning Kelvin Probe

SEM Scanning Electron Microscope

Ea Activation energy

Dso-sub Source to substrate distance

C Capacitance

Cl-CdS Chloride-processed CdS films

ks Boltzmann constant

TAS Temperature-dependent Admittance Spectroscopy
C-CdS Cubic-CdS

H-CdS Hexagonal-CdS

T Temperature

TC Texture coefficient

Vsb Vacancy of antimony (Sb) defect

Sesh Selenium on Antimony antisite defect
Vse Vacancy of selenium (Se) defect
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1 Literature review

The rapid increase in the global population has significantly heightened the demand for
energy resources. The depletion of fossil fuels, which have long served as the primary
energy source, has necessitated the exploration of sustainable and future-proof
alternatives. Among various renewable energy sources, solar energy stands out due to its
abundance, sustainability, and ease of application. The amount of solar radiation reaching
the Earth’s surface annually is estimated to be approximately 3,400,000 EJ, which vastly
exceeds the total estimated reserves of all non-renewable energy sources, including fossil
fuels and nuclear energy. Even if only 0.1% of this solar energy were harnessed at an
efficiency of just 10%, it would generate nearly four times the world’s total electricity
production capacity of approximately 3,000 GW [8]. This immense potential makes solar
energy one of the most viable and promising solutions for addressing the world’s growing
energy demands.

Solar energy conversion into electricity primarily relies on photovoltaic (PV) technology,
which enables the direct conversion of sunlight into electrical energy. Over the past decade,
significant advancements have been made in photovoltaic research, leading to the rapid
growth of the solar cell commercial market. Among various solar cell technologies,
crystalline silicon (c-Si) solar cells have remained the dominant and most widely adopted
technology. The global push towards zero-carbon energy production has further
accelerated interest in photovoltaics, particularly with the increasing adoption of electric
vehicles (EVs). As nations strive to transition towards sustainable and carbon-free energy
solutions, it is imperative that the electricity required to power EV’s comes from renewable
energy sources, such as solar power, to achieve true decarbonization in the energy sector
[8].

A solar cell, also known as a photovoltaic (PV) cell, operates based on a p-n junction,
which establishes an internal built-in potential at the interface. When exposed to sunlight,
incident photons excite electrons and holes, generating charge carriers that are
subsequently extracted to the external circuit, producing electricity. The design of p-n
junction solar cells involves careful selection of semiconductor materials for the p-type
(absorber) and n-type (ETL) layers to maximize the extraction of photogenerated carriers
(1], [8].

The p-type material, referred to as the absorber layer, typically possesses a direct
bandgap within the range of 1.2-2.0 eV and a high absorption coefficient of 10*~10° cm™,
enabling efficient light absorption. The n-type material, also known as the buffer layer,
historically (from CdTe) it was called “buffer” and now it is widely accepted to use the
term electron transport layer (ETL) terminology, generally exhibits a wide bandgap (2—4 eV)
and high optical transparency, facilitating effective charge separation while allowing light
to reach the absorber. In addition to these layers, transparent conductive oxides (TCOs)
play a crucial role as front contacts, ensuring efficient carrier extraction while maintaining
high optical transmittance to enable maximum light absorption at the p-n junction.
Furthermore, thin-film solar cells increasingly incorporate hole transport layers (HTLs) to
enhance the selective extraction of holes, while simultaneously blocking electron
backflow, thereby improving overall charge transport efficiency and device performance.

Solar cells have been integrated into society for several decades, playing a crucial
role in the transition toward renewable energy solutions. However, one of the
primary challenges in the widespread adoption of silicon (Si) solar cells has been the
energy-intensive process required for the preparation of semiconductor-grade Si wafers,
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which significantly increases production costs. The high energy investment associated
with Si-based photovoltaics has driven research efforts toward the development of
alternative materials that are low-cost, energy-efficient, and composed of earth-abundant
elements to serve as viable complementary technologies for silicon solar cells.

This demand has led to the advancement of thin-film solar cell technologies, including
cadmium telluride (CdTe), copper indium gallium selenide (CIGS), copper zinc tin sulfide
(CZTS), antimony chalcogenide (Sb-based) solar cells, perovskite, and organic solar cells.
These next-generation photovoltaic technologies offer promising advantages, such as
lower material consumption, reduced manufacturing costs, and compatibility with
flexible and lightweight substrates, making them ideal candidates for scalable and
sustainable energy production. The continued innovation in thin-film solar cells represents
a significant step toward achieving carbon-neutral renewable energy sources, aligning
with global efforts to mitigate climate change and reduce dependence on fossil fuels.

1.1 Generations of solar cells

Solar cell technologies are generally classified into three distinct generations based on
their material systems, device architecture, manufacturing processes, and technological
maturity.

Solar Cell Technologies

First-Generation Solar Cells g8 : B8 Second-Generation Solar Cells ‘
. -IG‘Q@ ¥ '

(]

Monocrystalline Silicon Cadmium Telluride

Polycrystalline Silicon - CIGS, CZTS

4
1

B Solar Cell
! Technologies

]
r--
1

|
-
1

\

Gallium Arsenide - - ~— Amorphous Silicon

Third-Generation Solar Cells

- Perovskite Solar Cells

Q===
|

- Organic Photovoltaics

~- Quantum Dot Solar Cells

-,

= Sb chalcogenide

Figure 1. Solar cell technologies in generations.

The evolution of photovoltaic technologies can be broadly classified into three
generations (Figure 1). First-generation solar cells, including monocrystalline and
polycrystalline silicon (c-Si) and gallium arsenide (GaAs), dominate the market due to
their high efficiency and long-term stability, though they require high material consumption
and energy-intensive fabrication. Second-generation devices, known as thin-film solar
cells, such as cadmium telluride (CdTe), copper indium gallium selenide (CIGS), copper
zinc tin sulfide (CZTS), and amorphous silicon (a-Si), offer advantages of reduced material
usage, lower processing temperatures, and substrate flexibility but generally show lower
efficiencies and stability. Third-generation solar cells, still largely at the research stage,
aim to exceed the Shockley-Queisser limit (~30%) using novel architectures like tandem
and multijunction structures, though challenges remain in stability and scalability. This

15



group includes perovskite, organic photovoltaic (OPV), quantum dot, and dye-sensitized
solar cells (DSSC), as well as emerging materials like antimony chalcogenides (Sb2Ses,
Sb2Ss, Sh2(S,Se)3), which show promising stability and power conversion efficiency (PCE).

1.2 Established and emerging PV technologies with their status

In this section, a detailed description of the currently available PV technologies, along
with their status, is provided.

1.2.1 Established PV technologies

Established PV technologies encompass those solar cell architectures that have undergone
extensive research, demonstrated long-term operational stability, and achieved
widespread industrial-scale production. These technologies are designated as “established”
due to their technological maturity, well-understood fabrication processes, and
consistent performance in diverse environmental conditions. Their commercial viability
and global market penetration make them reliable benchmarks in the field of solar energy
conversion. In this section, a detailed description of these types of solar cells is provided.

Silicon (Si)-based solar cells remain the most commercially dominant PV technology
worldwide [9], [10]. Their technological maturity, high efficiency, and stability have
secured their leading position in the market. With a theoretical Shockley—Queisser
efficiency limit of ~29.4% for single-junction cells (Eg = 1.1 eV) [11], laboratory-scale
crystalline Si (c-Si) devices have reached 26.6% efficiency through advanced material
engineering, device architectures, and defect passivation techniques [12]. Among
different Si technologies, monocrystalline Si solar cells provide superior electrical
properties and stability, though at higher cost, while polycrystalline, amorphous, and
thin-film Si cells offer lower-cost alternatives with reduced efficiencies and lifetimes [13].
Current research focuses on tandem structures, particularly perovskite/Si tandems,
which aim to overcome the single-junction efficiency limit. Theoretical efficiencies up to
44% are predicted [14], while four-terminal perovskite/Si tandems have already
demonstrated 29.8% [15]. Despite significant cost reductions over the past decades,
the energy-intensive production of high-purity Si wafers and high material consumption
remain critical limitations for large-scale deployment [16].

Group IlI-V semiconductors, particularly gallium arsenide (GaAs), represent another
class of high-efficiency PV materials. With a direct band gap of 1.42 eV, high absorption
coefficient, and superior thermal and radiation stability, GaAs single-junction solar cells
have achieved record efficiencies exceeding 29%, while commercial devices typically
deliver 20-25% with anti-reflective coatings [17], [18]. Their robustness under extreme
conditions makes them particularly valuable for space applications, where Si devices
degrade more rapidly. GaAs is also a key material in multijunction and concentrated
photovoltaic (CPV) systems, where it often functions as a middle or top cell, enabling
efficiencies above 30% [18], [19]. However, the high production cost restricts its use to
specialised and space-based applications rather than large-scale terrestrial deployment.

Cadmium telluride (CdTe) is one of the most successful thin-film PV technologies,
offering near-optimal optoelectronic properties with a direct band gap of 1.45 eV and a high
absorption coefficient (>10° cm™) [20], [21]. CdTe solar cells have reached a laboratory
efficiency of 22.1%, close to the theoretical 25% single-junction limit [22]. The material
can be doped both n- and p-type, although high-quality p-type CdTe is more commonly
utilised [23]. Large-scale deployment, however, faces challenges from the scarcity of
tellurium [24] and a negative temperature coefficient (~-0.4%/°C), which causes
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performance degradation under high-temperature operation [25]. Environmental
concerns related to cadmium toxicity also necessitate stringent safety and recycling
measures, despite Cd being chemically stabilised within the CdTe compound [26].

Copper indium gallium selenide (CIGS) is another widely researched thin-film
absorber material with high absorption (>10° cm™) in layers as thin as ~2 um [27]. CIGS
offers a tunable band gap from 1.01-1.68 eV depending on gallium content, enabling
spectral optimisation and tandem integration [28]. CIGS cells demonstrate strong
low-light response and favourable temperature coefficients, making them attractive for
diverse environments [30]. Record efficiencies of 23.6% were reported in 2023 [29], with
potential to surpass 24% through further optimisation. Nonetheless, challenges persist in
scaling CIGS technology, particularly the cell-to-module efficiency gap, long-term stability,
and production complexity. Moreover, reliance on scarce and expensive elements such
as indium and gallium raises concerns regarding material availability and sustainability
[30].

1.2.2 Emerging solar cells

Emerging PV technologies refer to novel solar cell materials and architectures that are
currently under active research and development, but have not yet achieved large-scale
commercial deployment. These technologies are termed “emerging” due to their
potential to offer significant advantages over established systems such as lower
fabrication costs, improved efficiency, or enhanced material sustainability while still
requiring further optimization in terms of stability, scalability, and long-term
performance. In this section, well-known emerging PV technologies are explained.

Kesterite (CZTS/Se, Cu2ZnSnSa/Ses) solar cells have attracted significant attention as
sustainable thin-film absorbers composed of earth-abundant, non-toxic, and low-cost
elements [31], [32], [33]. With a direct band gap of 1-1.5 eV and a high absorption
coefficient (>10* cm™), CZTSSe is well suited for light harvesting and laboratory-scale
devices [34] have reached efficiencies of 14.9% [35], while theoretical studies predict a
potential above 30% [36]. Despite these advantages, their performance is limited by
intrinsic defects such as Cuz, and Snz» antisites, severe non-radiative recombination
losses, Voc deficits, and undesirable secondary phases [37], [38]. Continued research on
defect passivation and interface engineering is essential to close the efficiency gap
toward commercialization [39].

Dye-sensitized solar cells (DSSCs), introduced in the 1990s, represent an alternative
class of third-generation PV devices [40]. They consist of a mesoporous TiO2 photoanode
sensitized with dyes, a redox electrolyte, and a counter electrode such as platinum [41].
Their advantages include low-cost fabrication, environmental compatibility, and design
flexibility [42]. DSSCs have demonstrated up to 14.3% efficiency in laboratory studies and
12.3% in NREL-certified devices [43]. However, limitations such as liquid electrolyte
instability, charge recombination at the TiOz/electrolyte interface, and dependence on
costly counter electrodes hinder further progress [44], [45], [46]. Research efforts now
focus on solid-state electrolytes, cost-effective electrodes, and advanced sensitizers to
improve efficiency and stability.

Organic solar cells (OSCs) are another third-generation technology, offering benefits
such as mechanical flexibility, lightweight design, low-cost fabrication, and transparency
for potential building-integrated photovoltaics (BIPV). Their active layers typically use
conjugated polymers such as P3HT and PEDOT, with fullerene derivatives (e.g., PCBM) as
electron acceptors [47], [48], [49]. Charge transport layers like MoOs and LiF enhance
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carrier extraction [50], while chemical modifications enable tunable band gaps for
broad-spectrum absorption [51]. Recent developments have led to single-junction
efficiencies of up to 18.7% [52]. However, poor long-term stability due to moisture, UV,
and thermal sensitivity continues to limit commercial viability [53], [54], [55].

Quantum dot solar cells (QDSCs) employ semiconductor nanocrystals as light
absorbers, whose size-dependent band gap tuning enables harvesting across the UV-IR
spectrum [56]. Their potential for multiple exciton generation (MEG) offers a theoretical
efficiency limit as high as 66% [57]. Recent advancements have delivered record PCEs of
19.1% in QDSCs and 16.6% in colloidal systems [58], [59]. While promising, challenges
remain in improving stability, interface quality, and scalable fabrication.

Perovskite solar cells (PSCs) have rapidly emerged as leading third-generation PVs,
built on the ABX3 perovskite structure where A is a monovalent cation (e.g., MAY, FA®,
Cs*), B a divalent metal (Pb%, Sn%), and X a halide (CI-, Br-, I") [60], [61], [62]. Their
exceptional optoelectronic properties and solution-processability have enabled
efficiencies above 26.7% for single-junction devices and 34.6% for perovskite/Si tandems,
while perovskite/organic tandems have achieved 26.4% [58], [63]. PSCs combine high
efficiency with low-cost and flexible processing routes [64]. However, stability issues, lead
toxicity, and scalability challenges remain major barriers to industrial deployment [65], [66].

Sb chalcogenide-based solar cells

Among the emerging PV technologies, the Sb-chalcogenide solar cells have grabbed more
attention from the researchers due to their very interesting material properties. The
primary absorber materials used in this category include binary compounds such as Sb2Ss
and Sh»Ses, along with the ternary alloy Sb2(S,Se)s, which offers tunable bandgaps ranging
from 1.1 to 1.8 eV [67]. Belonging to the V-VI group, structurally, Sb chalcogenides
possess a unique ribbon-like quasi-one-dimensional (1D) crystal structure (Figure 2),
resulting in anisotropic optoelectronic properties, high absorption coefficients, and
excellent physicochemical stability [68], [69]. Remarkably, these compounds crystallise in
a stable orthorhombic phase, ensuring high phase purity and minimising the likelihood
of secondary phase formation during both physical and chemical thin-film deposition
processes. Composed of earth-abundant, low-cost, and non-toxic elements, Sb
chalcogenide solar cells offer excellent sustainability and environmental benefits [4], [70].
These features have driven intensive research over the past decade, leading to
remarkable improvements in both device performance and publication output (Figure 3),
positioning them as promising alternatives to CdTe and CIGS/CZTS solar cells [71].

Figure 2. Sb chalcogenide 1D ribbon structure [72].
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Figure 3. Number of (a) publications and (b) efficiency improvement of Sb chalcogenide solar cells [71].

Sb,Ses and Sb:Ss are binary compounds which can be easily deposited through
chemical (spin, dip, spray, hydrothermal, atomic layer deposition (ALD)) as well as
physical (CSS, VTD, sputtering, rapid thermal evaporation (RTE)) deposition methods [73],
[74], [75], [76], [77], [78], [79], [80], [81]. Among these, the development of SbSes
absorber layers has shown more promising results when deposited through rapid
high-temperature processes, particularly due to their ability to promote a well-aligned
columnar grain structure, which is essential for enhancing carrier transport and reducing
recombination losses in photovoltaic devices [82]. In contrast, Sb2Ss absorber layers have
demonstrated superior device performance when deposited using chemical deposition
methods. One of the remarkable features of Sh2Ss-based solar cells is their ability to
achieve relatively high PCE with extremely thin absorber layers. This characteristic makes
Sb»Ss particularly attractive for applications in BIPV, Internet of Things (loT) devices, and
indoor PV systems, where flexibility, transparency, and lightweight features are crucial
[3], [83]. The highest reported efficiency for Sb2Ses solar cells is 10.5% using the CBD
method [73], while CSS-deposited Sb2Ses devices have achieved efficiencies of up to 9.2%
[84] and VTD-deposited ones achieved a maximum of 7.6% [85]. In comparison, Sb2Ss3
solar cells have reached a maximum reported efficiency of 8% in 2022 [86], primarily
using chemical deposition techniques. A comprehensive discussion on the material
properties of Sbha2Ses absorber layers and their influence on device performance will be
provided in Section 1.3 of this thesis.

1.3 Sh,Ses absorber

Among the antimony chalcogenide solar cell materials, Sb2Ses holds special significance
due to its excellent long-term stability and favourable structural and optoelectronic
properties. Its near-optimal bandgap, high absorption coefficient, and unique quasi-one-
dimensional crystal structure make it particularly suitable for thin-film photovoltaic
applications. In this section, the structural and optoelectronic characteristics of Sb2Ses
films are discussed in detail, along with a review of the relevant research that has
contributed to understanding and optimizing these properties for solar cell performance.

1.3.1 Structural properties Sh,Se; films

ShzSes is a binary compound that crystallizes in a single-phase orthorhombic structure
and belongs to the space group Pbnm (with lattice constants a = 11.62 A, b=11.70 A, and
¢ = 3.962 A) or alternatively Pnma (with a = 11.793 A, b = 3.9858 A, and c = 11.6478 A.
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The crystal structure, as illustrated in Figure 4a, consists of two distinct antimony sites (Sb1
and Sb2) and three selenium sites (Sel, Se2, and Se3), forming quasi-one-dimensional
ribbons [87], [88]. These ribbons are strongly bonded within the chain but are held
together by weak van der Waals forces in the [010] direction, which gives rise to the
material's inherently anisotropic properties.
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Figure 4. a) Schematic diagram of the Sb;Ses unit cell and crystallographic orientations b) [hkO] c) [hk1]
and d) [001][87], [89].

The preferred orientation of these ribbons, particularly the vertical growth of grains
along the [001] direction, is considered beneficial for photovoltaic applications, as it
promotes efficient carrier transport along the ribbon axis and minimises recombination
losses. In practice, such vertical alignment is often characterised by (001) or tilted (hk1)
orientations in thin films. Figure 4b, ¢ and d summarise the commonly observed
orientations (001, hkO, and hk1) in Sb2Ses thin films. Achieving this desirable orientation
depends on several factors, including deposition method, substrate selection, processing
temperature, post-deposition annealing, selenization and seed layer incorporation [90],
[91], [92]. In superstrate configurations, SbaSes is typically deposited on ETL's such as CdS,
Zn0, or TiOz, while in substrate configurations, it is deposited on back contacts like
molybdenum (Mo). Notably, PVD methods often favour (hk1) orientation. Krautmann
et al. [5] demonstrated that seed layer introduction can enhance vertical grain orientation
on TiO2 substrates. Similarly, Kumar et al. [93] and Zhang et al. [94] reported that
post-deposition selenization and thermal treatments significantly improved grain size,
compactness, and [hk1] orientation, resulting in enhanced PCE’s.
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1.3.2 Optoelectronic properties of Sbh,Se; films

ShaSes is predominantly considered a p-type semiconductor, attributed mainly to the
presence of intrinsic defects such as selenium antisites (Sesp). It exhibits a high absorption
coefficient exceeding 10° cm™, enabling strong light absorption within a thin absorber
layer, which is an essential property for efficient thin-film photovoltaic applications.
The optimal bandgap for single junction solar cells is generally accepted to be around
1.2 eV; however, ShaSes presents a direct bandgap of approximately 1.03 eV and an indirect
bandgap of about 1.17 eV, as reported by Chen et al. [95]. The energy difference between
the direct and indirect transitions is notably small, with reported values of 0.04 eV and
0.025 eV by Birkett et al. [96], indicating that Sb2Ses can effectively function as a direct
bandgap material for practical purposes.

While most studies confirm the p-type behaviour, there have also been observations
of n-type conductivity in SbaSes films, particularly when there are unintentional chlorine
impurities present in the material, as reported by Hobson et al. [97] Chlorine impurities
are known to act as shallow donor dopants, thereby altering the majority carrier type of
the material. Notably, such n-type behaviour has been reported in TiO2/Sb2Ses solar cells
by Spalatu et al. [5], suggesting the formation of n-n heterojunctions, which can still yield
appreciable PCE.

Furthermore, the electrical conductivity of SbhaSes exhibits a strong anisotropy,
consistent with its quasi-one-dimensional crystal structure. Charge carrier mobility and
conductivity are significantly higher along the ribbon direction (typically the [001]
crystallographic orientation), with reported conductivity values being nearly twice as high
compared to those measured perpendicular to the ribbon axis. This directional
dependence highlights the importance of achieving vertical orientation in Sh2Ses thin
films to optimize carrier transport and minimise recombination losses in photovoltaic
devices.

1.3.3 Sb,Se; thin film deposition techniques

Chemical deposition techniques

The chemical deposition of Sbh.Ses thin films involves the formulation of a
stoichiometrically balanced precursor solution, its deposition onto a substrate, followed
by thermal treatment to remove residual solvents and facilitate the crystallization of the
SbaSes. Several chemical methods have been employed for this purpose, including spin
coating, spray pyrolysis, hydrothermal synthesis and chemical bath deposition (CBD).
Each technique offers specific advantages and challenges in terms of cost, control over
film morphology, and compatibility with large-scale processing.

Spin coating is one of the most widely used methods due to its simplicity and good
control over film thickness and uniformity. In this technique, centrifugal force is used to
distribute the precursor solution uniformly across the substrate surface, typically under
ambient conditions or within a controlled glovebox atmosphere. Notably, Ma et al. [98]
reported a PCE of 5.4% for a superstrate configuration device (FTO/CdS/Sh:Ses/Spiro-
OMeTAD/Au) using spin-coated SbzSes films.

Spray coating, another cost-effective and scalable deposition method, involves
atomising the precursor solution using either an ultrasonic or pneumatic spray nozzle and
directing it onto a heated substrate. This technique facilitates rapid film formation and is
particularly advantageous for large-area deposition. Rajpure et al. demonstrated the
fabrication of p-type Sb2Ses films with a reported bandgap of 1.88 eV at a film thickness
of 500 nm using this method [99].
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Hydrothermal synthesis presents a markedly different approach, relying on the
chemical reaction of precursors under high-pressure, high-temperature conditions within
a sealed autoclave. This method enables precise control over crystallinity and phase
purity. Dan Liu et al. [100] successfully employed hydrothermal synthesis to fabricate
ShaSes-based solar cells with a PCE of 7.6% in a similar FTO/CdS/Sb2Ses/Spiro-OMeTAD/Au
architecture.

CBD, although traditionally used for the deposition of CdS ETL’s, has also been
explored for Sbh2Ses absorber layer fabrication. Zhao et al. reported a remarkable PCE of
10.57% for a device employing CBD-deposited Sb2Ses, highlighting the technique’s
potential for high-performance solar cell fabrication [73].

While chemical deposition techniques are advantageous due to their low cost,
simplicity, reproducibility, and scalability, they also present significant challenges. Chief
among these is the need for precise stoichiometric control of the precursor solution to
avoid secondary phase formation and maintain film uniformity. Additionally, the choice
of solvents and additives can significantly influence the morphology and optoelectronic
properties of the resulting films. A critical limitation of chemical methods for Sbh.Ses
deposition is the difficulty in achieving the preferred [hk1] or [001] crystallographic
orientations, which are essential for efficient charge transport along the quasi-one-
dimensional ribbon structure of Sb,Ses [101].

Physical deposition techniques

These techniques for SbaSes absorber layers are typically carried out under high vacuum
conditions (1072 to 10°® mbar), which significantly minimises contamination and enables
the controlled evaporation of source material at elevated temperatures (~500 °C). These
methods allow precise manipulation of film thickness, composition, and crystallinity,
making them highly suitable for photovoltaic applications. Commonly used physical
vapour deposition (PVD) techniques for Sb2Ses include rapid thermal evaporation (RTE),
CSS, vapor transport deposition (VTD), sputtering, electron beam evaporation (EB), and
pulsed laser deposition (PLD).

In EB evaporation, a focused high-energy electron beam is directed at the SbSes
source material to induce localised heating and vaporisation. The evaporated material
condenses onto a preheated substrate, typically maintained at ~300 °C. Films deposited
using this method tend to be Sb-rich and often require post-deposition selenium
treatment (selenization) to achieve the desired stoichiometry. Tiwari et al. reported
substrate-configuration solar cells fabricated using EB-deposited SbSes films with [hkO]
orientation and a resulting PCE of 4% [102].

The RTE technique enables rapid deposition by evaporating the Sb2Ses material at a
fast rate (~1 um/min) in a vacuum environment. The source material, placed in a crucible
made of alumina, graphite, or quartz, is heated either directly via Joule heating or
indirectly using infrared lamps [103]. The vaporised material condenses on the substrate
maintained at a lower temperature (~300 °C). Tang et al. successfully deposited Sh,Ses
films, but they were oriented in the [hk0] direction. Meanwhile, a maximum PCE of 7.6%
was reported using this method by other groups [104].

Sputtering, a widely used deposition technique, involves the bombardment of a solid
Sb target by high-energy argon ions, causing atoms to be ejected and deposited onto the
substrate. This process is typically conducted in a vacuum and followed by selenization or
selenium co-evaporation to form stoichiometric Sb2Ses. Tang et al. [105] fabricated
substrate configuration solar cells (glass/Mo/Sb2Ses/CdS/ITO/Ag) with a PCE of 5.52%
using this method. Luo et al. [106] further enhanced the performance to 6.11% through
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sputtering of Sb metal followed by controlled selenization. Post-deposition thermal
annealing is reported to be a crucial step in optimizing the performance of sputtered
SbaSes films. For example, Tang et al. [107] demonstrated a significant PCE enhancement
from 5.37% to 8.64% after annealing. However, in the superstrate configuration,
sputtered Sb.Ses films tend to yield lower PCE’s compared to those deposited thermal
method. This has been attributed to damage at the ETL interface, arising from the
impingement of high-energy Sb or Se atoms during the sputtering deposition [71].

PLD offers another route for depositing Sbh2Ses films by utilising high-energy laser
pulses to sublimate the target material in a vacuum chamber. The evaporated/sublimated
species condense onto the heated substrate to form a thin film. This technique provides
excellent control over stoichiometry, often replicating the source material composition
with high accuracy. The deposition environment can be modified with partial pressures
of inert or reactive gases to fine-tune the film properties. PLD is also suitable for
depositing a variety of layers, including CdS ETLs. Yang et al. fabricated superstrate
configuration ShzSes solar cells (FTO/Sn02/CdS/Sb2Ses/Au) using PLD and reported a PCE
of 4.4% [108].

1.3.4 CSS and VTD deposition

Among the physical deposition methods, CSS and VTD methods are well known for their
ability to prepare vertically oriented Sb:Ses films and have reported remarkable
efficiencies. Given their significance, a detailed examination and comparative analysis of
CSS and VTD techniques is presented in the following section.

Comparison of CSS and VTD of ShzSes films

The CSS method involves the direct sublimation of Sbh.Ses material, typically in the
form of granules or powder, followed by its condensation onto a heated substrate.
The deposition is carried out in a vacuum chamber maintained at a pressure of
approximately 107® mbar. A critical feature of this method is the small distance between
the source material and the substrate, typically 2—3 cm (Figure 5). This short spacing
allows high temperature, rapid deposition of the material. In this thesis, a custom-designed
CSS reactor was employed for the deposition of Sh2Ses thin films. A detailed schematic of
the reactor and deposition parameters used in this PhD work is provided in Chapter 2 of
the thesis.

heating coils

substrate

vapor flux

powder

heating coils

Figure 5. Schematic diagram of the CSS system [109].
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Typically, the deposition rate exceeds 1 um/min, with source temperatures around
500 °C and substrate temperatures ranging from 300-450 °C. These parameters may vary
depending on the geometry of the CSS reactor. In most reported studies, CSS deposition
is performed in a static vacuum environment, which characterizes this method as a
vertical deposition technique [71]. Under these conditions, the deposition rate increases
with higher source temperature and decreases with higher chamber pressure. To control
the deposition rate while maintaining elevated source temperatures, researchers,
including Hobson et al. [97], have introduced inert gases such as Nz or Ar into the chamber.

For ShaSes films, the CSS technique effectively promotes columnar grain growth,
which is most observed along the [hk1] orientation. Among these, the [211] orientation,
representing a tilted grain growth direction, is predominantly reported. High-efficiency
devices employing CSS-grown ShzSes absorber films have been demonstrated in both
substrate and superstrate configurations. For instance, Li et al. [84] reported a PCE of
9.2% using a substrate configuration of Mo/MoSez/Sb.Ses/TiO2/CdS/i-ZnO/AZO/Ag.
In a superstrate configuration, Don et al. [110] achieved an efficiency of 8.12% using
RF-sputtered TiO> as the ETL. Additionally, Guo et al. [111] reported a PCE of 7.3% using
CdS as the ETL and NiO as the hole transport layer in a device structure of
glass/FTO/CdS/Sb2Ses/NiOx/Au.

The VTD technique (Figure 6), also referred to as a horizontal deposition method, is
typically carried out within a quartz process tube wherein the Sb2Ses source material is
thermally evaporated and subsequently transported to the substrate with the assistance
of a carrier gas. RTE and CSS, which utilise a close and fixed source-to-substrate distance
typically in the range of 2-10 cm, the VTD setup allows for greater flexibility in adjusting
this distance. The use of inert carrier gases such as nitrogen (Nz) or argon (Ar) facilitates
controlled vapor transport and contributes to the stabilisation of the vapor phase
environment during deposition. The schematic of the VTD setup and deposition parameters
used for the deposition of Sb2Ses films for this thesis research is provided in Chapter 2.

Pressure

m

| Crucible with Substrate Pump
source

Heater 1 (T,,.) Graphite support

Furnace edge
d=0cm

Figure 6. Schematic diagram of VTD setup used for thin film deposition [112].

This enhanced tunability of deposition parameters, particularly the source-to-substrate
distance and carrier gas flow rate, enables improved control over the nucleation and
growth mechanisms of Sbh2Ses thin films. Consequently, VTD has been shown to promote
the formation of vertically oriented columnar grains along the [hk1] direction. Improved
crystallinity and preferred grain orientation in VTD-grown films have been associated with
a reduction in bulk and interface-related defects, thereby contributing to enhanced
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device performance. Notably, Wen et al. [85] reported a PCE of 7.6% using CdS as the ETL
in a superstrate configuration (glass/FTO/CdS/Sb,Ses/Au).

When comparing VTD with CSS, it is evident that both methods are capable of
producing vertically oriented Sbh2Ses films with columnar morphology. However, the fixed
short distance in CSS may lead to re-evaporation of the deposited material from the
substrate surface, potentially resulting in the formation of non-uniform or defective films.
In contrast, the VTD technique offers greater flexibility in tuning the deposition
environment, enabling more precise control over film crystallinity, thickness, and
uniformity.

1.4 Electron Transport Layer (ETL) in thin film solar cells

The ETL, is a critical component in thin-film solar cells, enabling efficient extraction and
transport of photo-generated electrons to the front contact while preventing direct
absorber—electrode interaction that could increase recombination losses. An ideal ETL
requires high electron mobility, proper conduction band alignment with the absorber,
good optical transparency, and thermal/chemical stability during fabrication.

In thin-film technologies such as CdTe, CIGS, CZTS, Sh2Ses, Sb,Ss, and Sba(S,Se)s, ETL
selection is guided by band alignment and optoelectronic properties, which dictate
charge extraction and recombination behaviour. Common ETL materials include CdS,
TiO2, Zn0O, Sn0y, ZnS, ZTO, and ZnMnO [113], [114], [115], [116], [117], [118], [119], with
CdS being the most widely employed. CdS exhibits excellent lattice matching with CIGS
(<1% mismatch), though larger mismatches exist for CdTe (~10%) and CZTS (~7%) [120],
[121]. Alternative ETLs such as ZnS reduce this mismatch to ~1% with CZTS [122].
Additionally, TiO2 deposited by USP has been successfully applied to Sb2S3 solar cells,
yielding PCE values up to ~7% [3], [78].

ETLs in Sb2Ses thin-film solar cells

In SbaSes solar cells, the lattice mismatch between CdS and SbzSes is reported to exceed
10%, which can theoretically lead to strain generation, defect formation, and enhanced
non-radiative recombination losses at the interface [123]. To overcome this challenge,
several strategies have been explored to minimise lattice mismatch and improve the
interface quality. One of the commonly employed approaches involves modifying the
deposition environment of the ShaSes absorber layer. Deposition under oxygen-rich
conditions has been reported to passivate dangling bonds at the CdS/Sh2Ses interface,
thereby reducing interface defect density and improving device performance [124].
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Figure 7. Schematic of the band alignment of Sb,Ses solar cells with various ETL (SnO,,TiO,, ZnO,
CdS, ZnMnO) along with front and back contacts [122].

Furthermore, the use of alternative ETL materials such as ZnO has also shown
promising results in reducing defect densities at the interface [125]. Don et al. [110] and
Chen et al. [118] has studied the application of RF sputtered and spin deposited TiO2 layer
on the ShzSes solar cells and achieved a PCE of a maximum of 8% and 5.48% respectively.
Despite the significant lattice mismatch, CdS still remains the most widely employed ETL
in ShaSes-based solar cells, primarily due to its suitable band alignment, well-established
deposition protocols, and successful integration in existing thin-film solar cell fabrication
processes. Figure 7 shows the suitable band alignment of the CdS and its comparison to
the other possible alternative ETL with the Sb2Ses absorber layer. These advantages make
CdS a promising candidate for future applications, particularly in large-area, scalable,
thin-film photovoltaic technologies.

1.5 CdS ETL properties

CdS is a II-VI compound semiconductor extensively studied for its role in optoelectronic
and photovoltaic devices. First synthesised by Joseph Louis Gay-Lussac in 1818 and
initially used as a yellow pigment, CdS later gained importance as a semiconductor
material owing to its direct band gap of ~2.4 eV, high transparency, and favourable band
alignment with many absorber layers [126]. Its ability to facilitate efficient charge
separation and electron transport, while suppressing recombination losses, has established
CdS as the most common ETL in thin-film solar cells.

Considering the structural properties, CdS crystallises primarily in two phases:
the thermodynamically stable hexagonal wurtzite (P63mc) and the metastable cubic zinc
blende (F-43m), both of which exhibit tetrahedral coordination but differ in stacking and
symmetry, leading to subtle variations in electronic and optical properties [127], [128],
[129], [130], [131] (Figure 8). The hexagonal phase dominates bulk and thin-film CdS
grown under standard deposition conditions, whereas the cubic phase is stabilised under
nanoscale or kinetically controlled environments [128], [129]. Thermal annealing strongly
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influences grain growth and crystallinity but can also promote secondary phase
formation. At elevated temperatures in oxidising atmospheres, CdS undergoes partial
oxidation, producing CdO or Cd(OH)2-derived CdO, both of which alter lattice parameters
and degrade electronic properties [129], [131], [132], [133], [134], [135]. Additives such
as sodium hexametaphosphate (SHMP) or polyvinyl pyrrolidone (PVP) can modify
nucleation pathways, affecting crystallite size, surface energy, and phase stability, while
precursor chemistry and stoichiometry critically determine final phase purity [131], [136].

Figure 8. a) Cubic zinc blende and b) hexagonal wurtzite crystal structures of CdS [127].

CdS exhibits a direct band gap in the range of 2.35-2.50 eV, ensuring high transparency
across the visible spectrum while supporting efficient photo-generated carrier transport
[137], [138], [139]. Several factors, such as thermal annealing, Substrate temperature,
elemental doping, deposition method, thickness and chlorine incorporation, could affect
the opto-electronic properties of the fabricated CdS films. A detailed dependence of
these factors on the bandgap, carrier concentration, resistivity and mobility reported in
the literature has been summarised in Table 1. Overall, the structural phase, microstructure,
and opto-electronic properties of CdS films directly govern their performance as ETLs,
highlighting the need for careful deposition and annealing control to ensure compatibility
with absorber layers such as SbhxSes.
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Table 1. The effect of different parameters on the optoelectronic properties of CdS films.

No. Factor Effect on band Bandgap Carrier Resistivity  Mobility Ref
gap (ev) concentration  (Q.cm) (cm2vt.s?)
(/cm?®)
1. Thermal Decreases 2.43-2.57 10%>-10Y 10-102 1-50 [138], [139],
Annealing band gap due [140], [141]
to improved
crystallinity
2 Substrate Slight increase 2.42-2.48 10'¢-10'® 10%-10 5-80 [142], [143],
temperature in band gap [144]
3. Doping (Zn-La) Zn7, Lal 2.09-2.5 10Y7-10%° 102-10 10-100 [137], [145]
bandgap
4, Deposition Morphology 2.35-2.5  10%%-10Y 10-10* 0.1-10 [137], [141],
method dependent [142], [143],
[145], [146]
5. Thickness/ Blue shift with 2.42-2.5  10%-10%° 10%2-10* 0.1-5 [143], [145],
crystalline size  reduced size [146]
6. Chlorine Increase at 2.45-2.47 10%3-10% 104 NA Publication I
incorporation particular

conc.




1.6 CdS thin film preparation

A wide range of deposition techniques has been utilized to fabricate CdS thin films, which
can be broadly classified into physical and chemical deposition methods. Physical
deposition techniques, typically performed in vacuum environments, include CSS,
Thermal Evaporation (TE), Radio Frequency (RF) Sputtering, and PLD, among others.
These methods offer precise control over film thickness and composition but often
require specialized equipment and vacuum conditions. In contrast, chemical deposition
techniques, such as Chemical Bath Deposition (CBD), Spray Pyrolysis, Chemical Vapor
Deposition (CVD), and Electrodeposition, are more cost-effective. Each of these methods
influences the structural, optical, and electrical properties of CdS films in distinct ways.
In this section, we provide a comprehensive review of these deposition techniques.

1.6.1 Physical deposition methods
CdS films deposited by physical methods such as CSS, RF sputtering, and PLD have shown
superior properties, making them attractive for high-performance solar cells.

CSS-CdS ETLs deposited at high vacuum and short source-to-substrate distances
(0.3-2 cm) exhibit enhanced crystallinity, large grain sizes, and high optical transmittance
(245-1700 nm), which reduce defect density and improve carrier transport [147], [148],
[149]. Post-deposition annealing in oxygen atmospheres further improves Voc, while
reducing atmospheres show detrimental effects [150]. Optimised CSS-CdS films achieve
resistivity as low as 2.2x1073 Q.cm and carrier concentrations of 8.3x102 cm™ [151].
Though CBD-CdS can yield a stronger short-wavelength response [152], CSS films provide
superior stability and transport, with Spalatu et al. reporting higher PCEs in Sb2Ses devices
compared to CBD-CdS due to reduced grain sintering [4].

Structural, optical, and electronic properties of CdS films fabricated by RF sputtering
strongly depend on deposition parameters. Increasing RF power (50-150 W) promotes a
transition to the hexagonal wurtzite phase with larger grains and reduced dislocation
density [153]. Optimised substrate temperatures (200-250 °C) and annealing at 400 °C
enhance crystallinity, yield ~2.43 eV bandgaps, and increase transmittance up to 72.25%
[154], [155]. Sputtered films also achieve low resistivity (<10®° Q.cm) and high carrier
concentrations (>10® cm™3), critical for minimising series resistance [155], [156], though
sputtering pressure requires optimisation due to trade-offs between crystallinity and
transparency [157].

PLD enables precise control of film thickness and uniformity, producing smooth,
uniform CdS layers with polycrystalline preferential orientation as confirmed by XRD and
Raman studies [158], [159]. These films show high visible transmittance and a direct
bandgap near 2.4 eV [159]. SEM (Scanning Electron Microscope) and AFM (Atomic Force
Microscopy) analyses reveal uniform morphologies beneficial for interface quality and
stability. Furthermore, PLD avoids liquid precursors, reducing chemical waste and offering
an environmentally friendly alternative [160], [161]. In CIGS solar cells, however, PLD-CdS
yielded lower efficiencies (~13%) compared to CBD-CdS (~16%), attributed to the
presence of CdO and Cd(OH)2 phases in CBD films that improve lattice matching with
absorbers [147].
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1.6.2 Chemical deposition methods

Chemical Vapor Deposition (CVD) methods, particularly aerosol-assisted CVD (AACVD)
and metal-organic CVD (MOCVD), have proven effective for producing high-quality CdS
films. AACVD using precursors such as Cd[(SP'Pr2).N]. enables uniform growth and
crystallinity, as confirmed by XRD and Raman analysis [162]. In MOCVD, deposition
kinetics are strongly dependent on substrate temperature and precursor pressures,
allowing precise control of microstructure and phase. Reports also highlight cadmium
bis(O-alkylxanthates) as a potential single-source precursor [163]. The resulting films
generally exhibit high crystallinity, smooth morphology, and band gaps near 2.4 eV,
ensuring effective optical transmittance and heterojunction formation with absorbers.

Spray Pyrolysis has also been employed to deposit CdS thin films, with substrate
temperature being a critical parameter. Higher deposition temperatures (~500 °C) yield
improved crystallinity, smoother surfaces, and enhanced optical transmittance [164],
while intermediate temperatures (~300 °C) reduce series resistance and improve Voc and
FF [165]. Optimising precursor molarity and Cd/S ratios further enhances crystallite size,
conductivity, and transmittance [166], with optical bandgap tuning reported between
2.2-2.5 eV depending on conditions [167].

Electrodeposition offers a low-cost, controllable route for CdS ETL fabrication.
Optimised electrolyte compositions (e.g., 0.10 mol/L CdCl, 0.01 mol/L Na25203, pH 1.5-2.0,
55-65 °C) and applied voltages (~1450 mV) produce hexagonal wurtzite CdS films with
compact morphology, crystallite growth, and band gaps of 2.2-2.47 eV [168], [169], [170],
[171]. The addition of tartaric acid improves film uniformity by preventing precipitation,
while substrate pretreatments enhance adhesion. Although AC electrodeposition methods
have shown improved CdS quality, issues remain with controlling thickness and electrical
properties [172].

Chemical Bath Deposition (CBD)

CBD is a widely utilised method for fabricating thin films, especially in the context of
photovoltaic device fabrication, owing to its simplicity, cost-effectiveness, and adaptability.
Among the various deposition techniques, CBD stands out for its ability to yield conformal,
uniform thin films over large substrate areas at low processing temperatures, making it
particularly advantageous for scale-up in solar cell manufacturing [148], [173]. The first
report on CBD-deposited CdS films was published by Mokrushin et al. in 1961 [174].

The CBD process is based on the controlled chemical reaction between cadmium and
sulfur precursors in an aqueous solution. Typically, a sulfur source such as thiourea
decomposes under alkaline conditions to release HS™ ions, which then react with
cadmium ions (commonly from cadmium acetate (Cd(O2CCHs)2(H20)2), cadmium sulfate
(CdS04) or cadmium chloride (CdCl2)) to form CdS on the substrate surface [173], [175],
[176]. The reaction kinetics and film characteristics are strongly influenced by the use of
complexing agents (e.g., NH4OH, NHaCl, Na3CsHsO7), which moderate the free ion
concentrations and deposition rate. The bath conditions, such as pH, temperature, and
reactant concentrations, are critical in determining the morphology, thickness,
crystallinity, and optoelectronic properties of the resulting films [177].
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Figure 9. Schematic diagram of the CBD procedure of CdS films [174].

CBD-deposited CdS films exhibit suitable optical transparency in the visible region
as well as the band gaps (~2.4 eV), making them well-suited for use as ETLs in
heterojunction solar cells [141]. Furthermore, these films are generally characterised by
uniform surface morphology and minimal pinholes, both essential attributes for interface
stability and reduced recombination. The use of CBD-grown hexagonal-phase CdS (H-CdS)
films in Sbh2Ses solar cells has led to an efficiency improvement of up to 80% by reducing
interfacial recombination and enhancing spectral response [178]. Post-deposition
treatment of the CBD CdS films, such as post-deposition annealing in air or ambient
conditions (N2, Ar, Vacuum and Hz) has helped to fine-tune the electrical as well as the
structural properties to have better alignment and matching to CdTe as well as Sbh2Ses
solar cells [174], [179]. Alternative materials such as CdSe, ZnS and TiO2 deposited by
other various methods are also being explored for ETL, but CBD-grown CdS remains a
benchmark due to its reliability and favourable band alignment with CdTe, CZTS, CIGS and
SbaSes absorber layers.

Compared to other deposition techniques such as physical vapor deposition (PVD),
pulsed laser deposition (PLD), or electrodeposition, CBD offers several distinct advantages.
It is inherently low-cost, operates under atmospheric pressure, and does not require
complex vacuum systems, thereby enabling straightforward scalability for industrial
processes [180]. Furthermore, its adaptability to various substrates, including flexible
materials, and its ability to produce high-quality, pinhole-free films with controlled
thickness make CBD an ideal technique for fabricating CdS ETL in high-performance
thin-film solar cells.

1.7 CdS/Sh,Ses solar cells architecture and performance

This section provides an overview of the most commonly used CdS/Sh.Ses device
architectures and their constituent layers, followed by a summary of the key performance
achievements documented in the literature.

CdS/Sh2Ses solar cells are typically fabricated in two distinct configurations:
superstrate and substrate (as illustrated in Figure 10). In the superstrate configuration,
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the device stack is built upon a transparent conductive oxide (TCO), such as fluorine-
doped tin oxide (FTO) or indium tin oxide (ITO), which serves as the front contact
supported by a glass substrate. CdS film deposited by CBD or other suitable methods
functions like the ETL and is followed by the Sh2Ses absorber layer. On top of the absorber,
a hole transport layer (HTL), commonly Spiro-OMeTAD or poly(3-hexylthiophene) (P3HT)
is applied, and the device is completed with a gold (Au) back contact. In this configuration,
incident solar radiation enters the device through the glass substrate and passes
sequentially through the TCO and ETL layers to reach the Sbh2Ses absorber layer.

a) b)
[ Ag contact
' HTL - . cds
SbySe; SbySes
\ Cds HTL
——— ITOFTO +— Mo
—+——» Glass ——» Glass
Superstrate Substrate

Figure 10. a) superstrate and b) substrate configuration of CdS/Sb,Ses solar cells.

In contrast, the substrate configuration begins with a metal back contact, typically
molybdenum (Mo) sputtered or thermally evaporated onto a glass substrate. Subsequently,
the HTL and Sb2Ses absorber layers are deposited, followed by the CdS ETL and finally the
front TCO layer (FTO or ITO). Metallic grid contacts, such as Ag or Au, are deposited on
top of the TCO to facilitate charge collection. In this configuration, the incident light
passes directly through the top TCO and CdS layers to reach the absorber, while the
glass substrate primarily serves as a mechanical support without contributing to optical
transmission.

Both device configurations are designed to facilitate efficient charge transport and
minimise recombination losses at the interfaces. However, each presents specific
challenges that can impact device performance. In the superstrate configuration, the high
temperature deposition of the Sb2Ses absorber layer onto the underlying CdS ETL can
lead to the formation of CdSe alloy at the interface. Several studies have reported that
this intermixing may be detrimental to device performance. Conversely, substrate
configuration devices often experience optical shading losses due to the presence of
metallic front contacts (e.g., Ag), which can reduce the effective area available for light
absorption. Additionally, the interface between the Mo back electrode and the ShaSes
absorber layer has issues related to lattice mismatch and poor adhesion. This challenge
is typically mitigated by employing a selenization step, which induces the formation of a
thin interfacial MoSe: layer.

CdS/Sb»Ses solar cells have been the focus of extensive research over the past decade,
demonstrating significant advancements in both superstrate and substrate configurations.
A variety of deposition techniques have been employed to fabricate the Sb,Ses absorber
layer, each influencing the film quality, interface characteristics, and PCE. A comprehensive
summary of the reported CdS/ShzSes solar cells, highlighting the PV parameters obtained
using different Sbh2Ses deposition methods, is presented in Table 2.
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Table 2. An overview of CdS/Sb,Ses solar cell performance using different deposition methods for the Sh,Ses absorber layer.

Device parameter

Sh.Ses fabrication . . . .
No. Configuration Device architecture Voc Jsc PCE Ref
method FF (%)
(mV) | (mA/cm?) (%)

Superstrate FTO/CdS/Sb2Ses/SpiroOMeTAD/Au 312 216 482 | 33 | [98]
1 Spin coating Superstrate FTO/CdS/S:Sh2Ses/SpiroOMeTAD/Au 258 19.5 41.2 | 2.06 | [101]
Superstrate FTO/CdS/Te:SbaSes/SpiroOMeTAD/Au 360 29.0 51.5 5.4 | [101]
Superstrate FTO/TiO2/CdS/Sh2Ses/SpiroOMeTAD/Au 340 27.2 41.9 3.9 | [181]
2 e-beam Substrate Mo/Sb,Ses/CdS/i-ZnO/ITO 371 22.41 51.4 4.2 | [102]
Superstrate ITO/CdS/0:SbaSes/Au 360 25.3 525 | 48 | [124]
3 TE Superstrate ITO/CdS/ShSes/Au 290 20.9 460 | 2.8 |[124]
Substrate Mo/Sb2Ses/CdS/ZnO/ITO/Ag 427 1711 | 58.15 | 4.25 | [182]
Superstrate FTO/CdS/Sh2Ses/Au 401 25.10 55.7 5.6 [72]
Superstrate FTO/CdS/Sb2Ses/MoOs/Au 410 | 2745 | 56.82 | 6.33 | [183]
Substrate Mo/Sb,Ses/CdS/ZnO/Al:ZnO/Al 414 16.0 520 | 3.47 | [184]

4 RTE
Superstrate ITO/CdS/ShaSes/ PbS/Au 427 | 2550 | 59.30 | 6.50 | [185]
Superstrate FTO/CdS/SisNa/Sb2Ses/Au 348 | 3147 | 5032 | 5.52 | [186]
Superstrate ITO/CdS/SbaSes/Au 410 29.0 59.3 | 7.04 | [187]
s VTD Superstrate ITO/CdS/Sh2Ses/Au 420 29.9 60.4 7.6 [85]
Substrate Mo/Sb,Ses/CdS/ITO/Ag 513 24.56 58.74 | 7.4 | [188]




Ve

PI/ITO/CdS/Sb2Ses/Au

Substrate 419 24.5 5 5.95 | [101]

Superstrate ITO/CdS/SbaSes/Au 425 29.0 59.8 | 7.37 | [101]

Superstrate ITO/CdS/SbaSes/CuSCN/Au 423 30.8 57 | 7.4 | [189]

Superstrate ITO/Sn02/CdS/Sb2Ses/Au 431.9 27.6 63.2 7.5 | [190]

Substrate Mo/MoSes/SbaSes/CdS/i-ZnO/Al:ZnO/Ag | 400 | 3258 | 703 | 9.2 | [84]

Superstrate FTO/CdS/Sh2Ses/C:Ag 377 25.68 43.0 | 4.16 | [191]

Substrate FTO/CdSe/SbaSes/C:Ag 354 | 2757 | 4613 | 451 | [191]

Superstrate FTO/CdS/Sb2Ses/VO«/Au 409 | 3162 | 4896 | 6.33 | [192]

css Superstrate FTO/CdS/ShSes/Au 358 | 3189 | 4852 | 553 | [192]
Superstrate FTO/CdS/Sb2Ses/NiOx/Au 410 | 3094 | 57.26 | 7.29 | [111]

Superstrate FTO/CdS/ShSes/Au 400 | 2962 | 5563 | 6.64 | [111]

Superstrate FTO/CdS/ShSes/C/Ag 414 | 2911 | 508 | 6.12 | [193]

Superstrate FTO/CdS:0/ShaSes/C/Ag 432 | 29.87 | 540 | 7.01 | [193]

Substrate Mo/Sb2Ses/CdS/ITO/Ag 455 | 2275 | 595 | 6.15 | [106]

Substrate Mo/SbaSes/CdS/ZnO/Al:ZnO/Ag 437 | 15.93 48 | 335 | [194]

sputtering Substrate Mo/Sb2Ses/CdS/ITO/Ag 494 | 2591 | 47.73 | 6.06 | [91]
Superstrate ITO/CdS/SbaSes/Au 270 9.47 | 33.26 | 0.84 | [101]




13

Mo/Sb,Ses/CdS/ITO/Ag

Substrate 448 24.95 53.2 | 5.52 | [105]

Substrate Mo/ShSes/CdS/ITO/Ag 504 | 2491 | 54.47 | 6.84 | [195]

Substrate Mo/SbSes/CdS//i-ZnO/Al:ZnO/Ag 505 | 2774 | 60.7 | 85 | [196]

Substrate Mo/Sn:SbhSes/I:Sb,Ses/ITO/Ag 280 22.45 34,51 | 2.17 | [197]

Sputtering + Substrate Mo/Sb,Ses/CdS/ITO/Ag 520 27.8 59.8 8.64 | [107]
PLD(selenisation) Superstrate FTO/CdS/Sb2Ses/Au 318 26.81 42 3.58 | [108]
Superstrate FTO/Sn02/CdS/Sh2Ses/Au 329 28.87 46.4 | 4.41 | [108]




1.8 Post-deposition thermal annealing treatment of CdS ETL in Sh,Ses
solar cells

CdS films deposited via the CBD method exhibit a range of properties that can differ
significantly from those required for efficient ETL functionality in thin-film solar cells.
To tailor these properties, post-deposition thermal annealing is considered an essential
processing step. In the case of CBD-CdS films, annealing plays a critical role in modifying
their structural and optoelectronic characteristics. Several studies have reported that
thermal treatment induces recrystallisation within the CdS films [198]. For instance, Guo H.
et al. [178] demonstrated that annealing can induce a phase transformation from cubic
to hexagonal CdS, a structural change that improves lattice matching with Sb2Ses (Figure
11) and CdTe absorber layers, thereby enhancing heterojunction quality in thin-film solar

cells [199].
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Figure 11. growth diagram of Sh,Ses on, a) cubic (C-CdS) and b) hexagonal (H-CdS) CdS films.

The effects of annealing are highly dependent on processing parameters such as the
ambient atmosphere (e.g., Hz, N2, H2S, vacuum, or ambient air), temperature, and
duration. Annealing in ambient air at relatively low temperatures (~200 °C) has been
shown to induce the cubic to hexagonal phase transformation [133], [200]. However,
higher annealing temperatures may promote surface oxidation of CdS, which can alter
the band gap and significantly increase the film’s resistivity [201]. Conversely, annealing
in reducing environments such as Hz has been reported to remove oxygen from the film,
thereby decreasing resistivity while maintaining the cubic phase structure [202], [203].
Annealing in inert or neutral atmospheres such as N2 or vacuum also promotes improved
crystallinity, reduced resistivity, and induces the desired cubic to hexagonal phase
transition features that are particularly advantageous for applications in Sb2Ses solar cells
[199]. Furthermore, both annealing temperature and duration are critical in determining
the changes of film properties. Extended annealing at elevated temperatures can lead to
adverse effects such as crack formation and pinhole generation, which negatively impact
device performance [204]. It has also been reported that thermal annealing contributes
to a reduction in the optical band gap of CdS films, further influencing their suitability as
ETLs [133]. Overall, the annealing process requires precise control to optimize film quality
and ensure compatibility with the subsequent absorber layers.

The optimization of CdS through thermal annealing has been extensively explored
within CdTe solar cell technology, where its influence on film crystallinity and interface
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properties is well established. Building on this foundation, these annealing strategies
have been subsequently applied to SbhaSes-based solar cells. For instance, Guo et al.
investigated the effect of air annealing on thermally deposited CdS films and its impact
on CdS/Sb2Ses device performance [178]. However, a comprehensive study focusing on
the thermal annealing of CBD-CdS films, particularly with respect to their structural,
optical, and electronic properties and the subsequent influence on CdS/Sbh»Ses solar cell
performance, remains lacking. To address this knowledge gap, a systematic investigation
into the annealing of CBD-CdS layers is essential for gaining deeper insights into interface
engineering and enhancing device efficiency, thereby contributing to the advancement
of Sha2Ses photovoltaic research.

1.9 Post-deposition chloride treatment of CdS ETL in Sh;Ses solar cells

The CdS ETL has been widely utilized in thin-film solar cell technologies and remains one
of the most extensively studied layers in photovoltaic device architectures. Numerous
investigations have been conducted to enhance the optoelectronic properties and
interfacial compatibility of CdS with various absorber layers, including Sbh2Ses, Sb2Ss, and
CdTe. Strategies to improve its performance include in situ doping with elements such as
La, Zn, and Cl, which can effectively modulate the electrical and optical characteristics of
the CdS films. Another widely adopted approach involves post-deposition treatments
(PDT) of the CdS layer prior to absorber deposition, particularly in superstrate-configured
devices. Among these, the CdCl; treatment has demonstrated notable improvements in
device performance. This process typically involves the deposition of a thin (~20 nm)
CdCl; layer onto the CdS film, followed by the deposition of the Sb,Ses absorber layer.

The impact of ETL modification on device performance is evident from historical
efficiency trends. Figure 12a illustrates the chronological improvement in PCE of Sh2Ses
solar cells employing different ETLs. The highest reported PCEs for devices with
untreated CdS, CdCl.-treated CdS, and TiO2 ETLs are 10.1%, 8.4%, and 7.6%, respectively.
These findings confirm that both untreated and chloride-treated CdS layers can
support high-efficiency Sb.Ses-based devices. Furthermore, a bibliometric analysis of
peer-reviewed publications from 2009 to 2024 (Figure 12b) reveals that approximately
59 studies have reported solar cell fabrication and efficiency using untreated CdS ETLs,
while 26 studies have employed CdClz-treated CdS. This analysis excludes publications
focused solely on material synthesis or characterization without solar cell performance
data. The overall trend highlights the sustained research efforts aimed at optimizing ETLs
to enhance the photovoltaic performance of ShaSes solar cells.
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Figure 12. a) Evolution of Sb,Ses solar cell efficiency with CdS, CdCl,-CdS and TiO, ETLs and
b) the corresponding number of publications.

It is worth noting that promising PCE values have also been reported for CdS/Sh.Ses
solar cells utilizing CBD-CdS films without the incorporation of any additional
post-deposition treatments (PDTs). However, numerous studies emphasize the necessity
of such treatments, particularly the application of a CdClz-based PDT conducted in
ambient air at temperatures > 400 °C for durations ranging between 5-10 minutes [205].
This step has frequently been cited as critical for achieving acceptable PCE in superstrate
configuration CdS/Sh:Ses solar cells, with many groups adopting it as a standardized
procedure originally transferred from CdTe thin-film technology [205], [206]. Despite the
widespread implementation of this treatment, the underlying mechanisms are often
ambiguously described and not thoroughly validated.

Beyond the role of PDT, a large body of literature has drawn attention to the
phenomenon of intermixing at the CdS/Sb.Ses interface, which is increasingly recognised
as a fundamental limitation in this device architecture [4]. This intermixing primarily
results from the diffusion of Cd into the Sb2Ses absorber or Se into the CdS layer,
subsequently forming a CdSe interfacial layer [113]. The influence of this CdSe layer
remains a topic of ongoing debate, with conflicting reports suggesting either a positive
contribution to carrier transport or a detrimental role in acting as a barrier to charge
extraction at the heterojunction [85], [207].

In this context, the CdClz-based PDT conducted in air has also been postulated to play
a regulatory role in controlling the extent of interfacial intermixing [208]. Additionally,
the presence of oxygen alone during annealing has demonstrated beneficial effects on
CBD-CdS layers, even at moderate annealing temperatures around 200 °C, by stabilizing
the ETL and inhibiting excessive interdiffusion at the CdS/Sb»Ses interface (Publication I).
Furthermore, the impact of various metal halide-based PDT’s, including CdCl, and AICls,
has been explored as a strategy to optimise both the interfacial chemistry and the
passivation of interface-related defect states in CdS/Sh2Ses thin-film solar cells [82], [94],
[205].

Despite extensive studies, there remains no clear consensus within the photovoltaic
research community regarding the definitive role, whether beneficial or detrimental, of
metal halide-based PDT’s such as CdCl. for CdS/SbzSes solar cells. Furthermore, it remains
uncertain whether such treatments should be interpreted strictly as a PDT or instead
as a method for controlled chlorine incorporation during the CBD process, followed
by thermal annealing under varying environmental conditions. In terms of chlorine
incorporation into the CdS lattice, it is well established that chlorine acts as a shallow-type
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dopant. Its incorporation, dependent on concentration, can significantly increase the free
electron density in CdS films, irrespective of the deposition method employed [6].

In support of this, the role of chlorine as an effective n-type dopant has also been
confirmed for ShzSes. Specifically, intrinsic SbaSes crystals synthesised from elemental
precursors demonstrated n-type conductivity upon intentional doping with MgCl,,
highlighting chlorine’s ability to modulate electrical properties [97]. Additionally,
interdiffusion processes occurring at the CdS/Sh2Ses interface have revealed that Cd
diffusion from CdS into Sb2Ses can lead to a conductivity type conversion from p-type to
n-type through the introduction of donor-like defect states [209]. Consequently, metal
halide-based PDT’s not only influence the interfacial chemistry but may also play a pivotal
role in determining whether the resulting heterojunction is an n-n isotype or an n-p type.
This interfacial configuration directly impacts charge recombination mechanisms,
thereby affecting key PV parameters and the ultimate PCE of the device.

Importantly, this literature survey reveals no unified conclusion regarding the efficacy
of metal halide-based PDT’s particularly CdCl. treatment in air at 2400 °C or chlorine
doping strategies for improving the CdS/Sb2Ses interface and device PCE. Although this
statement may invite considerable debate, it is substantiated by the following
observations: (i) As indicated in Figure 12b, a significant number of publications do not
provide conclusive outcomes either positive or negative on the use of CdCl. PDT
(or alternative halide-based treatments) concerning their effect on CdS film quality and
the final PCE of CdS/Sh.Ses devices, regardless of whether the architecture is superstrate
or substrate configuration; (ii) Several studies, conversely, report a positive correlation
between CdClz-treated CdS and enhanced solar cell performance [4], [82], [94], [205].

Thus, based on the accumulated evidence and the foundational knowledge drawn
from CdTe-based systems, the direct transferability of CdCl, PDT (especially in air at
400 °C) to the CdS/Sh2Ses system remains highly questionable. In our preliminary
investigations to replicate the CdCl. PDT within our laboratory, CdCl, was spin-coated
onto CBD-CdS films, followed by annealing at 400 °C in ambient air for 30 minutes. Sbh2Ses
absorber layers were deposited onto these CdS layers by CSS or VTID method, but the
SbaSes films exhibited severe delamination from the CdS layer along with the formation
of numerous pinholes, rendering the devices non-functional or low efficient. Based on
these findings and the literature review, a new strategy involving the in-situ incorporation
of chlorine during the CBD process of CdS emerges as a novel approach. This method,
and its subsequent impact on the structural, chemical, and optoelectronic properties of
CdS films as well as on the performance of CdS/Sh2Ses solar cells, should be systematically
investigated to gain advance understanding in this area.

1.10 Defects in CdS/Sb.Ses solar cells

SbazSes solar cells exhibit a range of intrinsic and extrinsic defects that critically influence
their optoelectronic performance and PCE. These defects typically originate from multiple
sources, including unfavourable grain orientation (horizontal alignment), interfacial
recombination, interdiffusion between the absorber and ETLs, and the incorporation of
unintended impurities from the precursor materials. Such imperfections often serve as
non-radiative recombination centers, leading to reduced carrier lifetimes and a significant
loss in Voc and overall device performance.

Based on a statistical study of 63 reported articles from 2009 to 2024 about
CdS/Sh:Ses solar cells (Figure 13), among the various defect types, the most frequently
reported are selenium vacancies (Vse), antimony antisites (Sbse), selenium antisites (Sesp),
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cadmium antisites (Cdsb), antimony vacancies (Vsb), and interstitial selenium (Sei). It is also
revealed that Vse is the most prevalent defect, appearing in approximately 37.5% of the
studies reviewed. Sesp and Sbse defects were each identified in around 20.83% of the
studies, while Sei was the least observed, reported in only 4.71% of cases (Figure 13a).
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Figure 13. Statistical study of the defects reported in articles for a) CdS/Sb,Ses and b) CdS/CdCl,/Sb,Ses
solar cells in 2009-2024.

Among these, Vse defects are of particular concern, as they act as donor-like centers
that can induce unintentional n-type conductivity in Sb2Ses, contributing to increased
carrier recombination and degradation of Voc. Numerous st udies, in cluding th ose by
Fan et al. [210], Tang et al. [91], Tiwari et al. [102], [211], Li et al. [211], Chen et al. [212],
Liang et al. [195], Lin et al. [180], and Duan et al. [213], have reported the presence of Vse
defects in their devices. For instance, Fan et al. reported a Vse defect with an activation
energy (Ea) of 237 meV, along with an Sbse defect at 468 meV. Chen et al. identified an Ea
of 358 meV attributed to both Vse and Sbse. Similarly, Liang et al. observed a Vse defect
with Ea of 386 meV and an Shse defect at 426 meV. Lin et al. documented a Vse defect with
Ea of 321 meV and a defect density of ~10%° cm=.

To address the prevalence of Vse defects, post-deposition selenium treatments have
been widely investigated. These treatments aim to compensate the selenium loss in
SbaSes films, thus mitigating Vse-induced recombination. However, such strategies can
also lead to the emergence of secondary defects, including Vss, Ses,, and Sei. Among
these, the Sesy defect is particularly detrimental, as it acts as a shallow acceptor and can
trap photogenerated carriers, further contributing to recombination losses. Tiwari et al.
reported a Sess defect density of 10%® cm=3, while Luo et al. reported a Ses, defect with an
Ea of 566 meV.

A comparative review of literature focused on CdClx-treated CdS/ShzSes solar cells
(Figure 13b) shows that Ses, becomes the dominant defect type following PDT of the CdS
ETL, representing approximately 50% of all reported defects. Several researchers, Cai et al.
[214], Liu et al. [100], Luo et al. [82], Wen et al. [215], Chen et al. [216], Liu et al. [124],
and Hu et al. [215] have confirmed the emergence of Ses, defects in interface-engineered
CdS/SbzSes devices. For example, Chen et al. identified a Ses, defect with an Ea of 0.11 eV
and a density of ~10%° cm=,

The introduction of chloride treatment for the CdS ETL as discussed in sections 3.2 and
3.3 of the thesis, holds significant potential for mitigating interfacial defects and enhancing
the performance of CdS/ShzSes solar cells. Nevertheless, a detailed understanding of
defect formation and suppression in these NHiCl-treated s ystems r emains | acking.
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In particular, no in-depth studies have yet addressed the correlation between Cl-induced
changes in defect chemistry and their impact on the photovoltaic parameters of
CdS/Sh:Ses solar cells. These findings collectively highlight a critical knowledge gap in
understanding the role of point defects, particularly in the context of interface
modifications and chemical treatments.
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Summary of the literature review and aims of the study

The literature review is summarised as follows,

1. Sbchalcogenides (Sb2Ss, Sb2Ses, and Sbz(S,Se)s) are promising thin-film absorber
materials due to their tunable bandgaps (1.1-1.8 eV), high absorption, stable
orthorhombic structure, and use of earth-abundant, non-toxic elements. Among
them, Sb2Ses stands out with its near-optimal bandgap, quasi-one-dimensional
crystal structure enabling efficient carrier transport, and long-term stability,

positioning it as a sustainable alternative to CdTe and CIGS technologies.

2. SbhsSes crystallizes in an orthorhombic lattice of quasi-1D (SbaSes)n ribbons,
strongly bonded within chains but weakly linked by van der Waals forces along
[010], giving rise to pronounced anisotropy. Carrier mobility and conductivity
are higher along the ribbon axis, making a [001] grain orientation highly
desirable for efficient transport and reduced recombination. The material is
typically p-type due to selenium antisites, though unintentional chlorine can act
as a shallow donor, inducing n-type behavior. With a high absorption coefficient
(>10° cm™) and anisotropic transport, Sh,Ses performance strongly depends on
deposition method, substrate choice, and post-deposition processing to

optimize orientation and defect control.

3. The chemical routes of deposition for Sb2Ses are low-cost and scalable but
struggle to control crystallographic orientation, which is crucial for charge
transport. CSS and VTD stand out among physical methods as they promote
vertically oriented [hk1] columnar grains, enhancing carrier mobility and reducing
recombination. CSS offers rapid growth through a short source—substrate
distance, while VTD provides flexible control of deposition via carrier gas

transport, enabling improved crystallinity and uniformity.

4. CdSis a lI-VI direct bandgap semiconductor (~2.4 eV) widely used as the ETL in
ShaSes solar cells due to its high transparency, favorable band alignment, and
suitable electron affinity, which enable efficient charge separation and

extraction with minimal optical losses.

5. CdS primarily crystallizes in the stable hexagonal wurtzite phase but can also form
cubic or CdO phases under certain conditions, affecting its electronic behavior.
It exhibits intrinsic n-type conductivity (10°-10'® ¢m™ carrier concentration,
0.1-100 cm?.V~1.5! mobility), with properties tunable via deposition, annealing,
or doping, ensuring transparency and band alignment suitable for SbSes ETLs.

6. CdS/SbhaSes solar cells have advanced significantly in both superstrate and
substrate configurations, with efficiencies strongly dependent on deposition and
interface engineering. While early spin-coated or evaporated devices showed
2-5% PCE, CBD has delivered record 10.57% efficiency, and physical methods
such as RTE and sputtering achieved 6-8.6%. CSS and VTD, known for promoting
vertical grain orientation, reached 9.2% and 7.6%, respectively, confirming

Sb2Ses as a promising absorber with efficiencies now approaching 10%.

7. Post-deposition annealing of CBD-CdS films critically influences crystallinity, phase,
and optoelectronic properties, with low-temperature air annealing (~200 °C)
improving lattice matching and junction quality, while higher temperatures
risk oxidation and degradation. Although well studied in CdTe, systematic
investigations for SbzSes solar cells remain limited, highlighting the need for

precise process control to optimize ETL performance.
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8. Chlorine treatment of CdS, typically via CdClz, has been adapted from CdTe to
SbazSes solar cells to improve ETL quality and interface properties. While it can
enhance crystallinity, passivate defects, and modify junction behaviour through
shallow n-type doping, its impact remains debated, with reports of both
efficiency gains and detrimental effects such as CdSe formation.

9. Sh:Ses solar cells are strongly affected by intrinsic and extrinsic defects such as
Vse, Sbse, Sesp, and Sei, which act as non-radiative recombination centers, reducing
carrier lifetimes and Voc. A survey of 63 studies (2009-2024) shows Vse as the
most common defect (~37.5%), often causing unintentional n-type conductivity,
while Ses, becomes dominant after CdCl> treatment (~50%). The selenium
treatments and interface engineering have been explored to suppress these
defects.

Based on the literature review of CdS/Sh2Ses solar cells, several critical research gaps
were identified:

1. Post-Deposition Treatment (PDT) of CdS in Sbh2Ses solar cells

Although PDT is well established in CdTe and CIGS technologies for improving ETL quality,
systematic studies exploring its role in CdS/Sbh2Ses heterojunctions remain limited.
Specifically, the effects of annealing environment (air and vacuum) and temperature on
CdS film properties and subsequent Sb2Ses growth have not been comprehensively
addressed.

2. Chlorine incorporation into CdS films

While thin interfacial CdClz or AICls treatment between CdS and Sbh2Ses has been reported
to improve open-circuit voltage, no systematic studies exist on in situ chlorine
incorporation into CdS during CBD deposition. The mechanisms by which chlorine
impacts CdS film properties, influences Cd interdiffusion, and affects heterojunction band
alignment and Sh2Ses device performance remain poorly understood.

3. Optimisation of Sbh2Ses deposition by VTD

VTD is recognised as a scalable technique capable of producing vertically oriented Sbh2Ses
grains, yet the influence of process parameters such as source-to-substrate distance
(which determines the growth rate) and carrier gas introduction on morphology, grain
orientation, defect formation, and photovoltaic performance has not been fully explored.

4, Defect states at the CdS/Sb.Ses interface

A lack of detailed defect characterization hampers the understanding of recombination
mechanisms at the CdS/Sh.Ses interface. In particular, the distinction between bulk and
interface-related defects in ShaSes (e.g., Vsb, Sbse), as well as their dependence on CdS
processing and chlorine incorporation, has not been systematically studied.

5. Correlation between ETL processing and absorber growth

The direct impact of CdS processing conditions (PDT, Cl incorporation) on Sb,Ses absorber
morphology, preferred orientation, and defect density remains underexplored.
Establishing this correlation is essential for optimising heterojunction quality and
achieving higher PCE.

Based on these findings, the aim of this thesis is to develop CdS/Sb2Ses solar cells by
the vapor transport deposition, from a fundamental study of the fabrication process,
implication of CdS processing and related interface, to the fabrication of complete device,
their optimisation and defect characterization. To achieve this aim, the following
objectives were formulated.
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Systematically, investigate and identify the optimal PDT conditions of CBD-CdS
ETL under vacuum and air atmospheres at 200-400 °C, and correlate the
resulting structural, optical, and electronic changes with Sb,Ses absorber growth
deposited by CSS and device performance.

Develop an alternative strategy to conventional CdCl. post-deposition treatment
of CdS films by incorporating controlled amounts of NH4Cl via precursor
modification and study its impact on structural, electrical, and interfacial
properties of CdS films and on CdS/Sb.Ses device performance.

Optimise the VTD process for Sb2Ses absorbers by systematically investigating
the influence of source-to-substrate distance and carrier gas flow on ShzSes film
quality and device performance.

Compare CdS/ShzSes solar cells with and without chloride-processed CdS, to
establish a growth protocol that minimises interfacial intermixing, enhances
absorber crystallinity, reduces defects and improves photovoltaic efficiency.
Provide possible mechanisms on the interlink between the processing of CdS
ETL, Sh2Ses absorber properties, and device performance.
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2 Experimental

In this chapter, a detailed description of the deposition methods, processing parameters,
and characterization techniques employed for the fabrication and analysis of CdS and
Sh,Ses thin films, as well as for evaluating the PCE of CdS/Sb.Ses devices, is presented.

2.1 Fabrication of CdS and Sb,Ses thin films and CdS/Sb.Ses solar cells

Substrate preparation (glass/FTO)

Fluorine-doped tin oxide substrates (FTO) were used for the preparation of the thin films
as well as the superstrate configuration solar cells, where FTO films will act as a front
contact in the devices. These substrates were purchased from Sigma Aldrich with a film
thickness of 200 nm, and sheet resistance <20 2/Sq on a soda lime glass substrate of
2 mm thickness. These purchased glass/FTO substrates were cut into 20x20 mm (for
Publication 1) and 18x18 mm (for publications Il and Ill). These substrates were immersed
in a degreasing solution containing 10g of potassium dichromate (K2Cr207), 100 ml of
concentrated sulfuric acid and 10 ml of deionised water for 2—3 hours [135]. After that,
the glass/FTO substrates were washed and boiled in distilled water. The substrates were
then dried using a hot gun and then kept in a desiccator.

CdS film (ETL) deposition by chemical bath deposition (CBD)

The deposition of the CdS thin films on glass/FTO substrates was carried out using the
traditional chemical bath deposition method. The deposition was carried out in a closed
jar containing CdSO4 (1 mM), (NH4)2S04 (0.7 M), NH4Cl (0.1 uM (publication I1), 0, 1, 2, 4
and 8 mM (publications Il and 1lI), NHsOH (30 mM), and thiourea (10 mM) dissolved in
de-ionized (DI) water at 85 °C (publication 1) 79 °C (publication II) and stirred at 500 rpm
(Figure 14). The chlorine content in the precursor was changed by the addition of
different concentrations of NH4Cl during the deposition. The deposition duration was
optimised to be 10 minutes to get a 100 nm thick CdS layer. After deposition, the films
were ultrasonicated in distilled water with a few drops of triethanolamine, followed by
washing again in distilled water and dried with a hot (100-150 °C) air gun. The prepared
CdS samples were kept in a vacuum chamber and were only taken outside for
characterization.

Thermocouple

Glass slide

tlI[lImHI[l]'fHDT[[i ®

Bath solution FTO substrate

Hot plate

Figure 14. CBD set up a) schematic illustration and b) photograph of the actual experimental setup.
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Annealing treatment of CdS films

In publication |, the CdS films were annealed in a vacuum at 120 °C for 15 min to remove
impurities such as water, hydroxides, and organic compounds which may have stayed on
the films. The resulting films are called “as-deposited” CdS films and then they are divided
into two batches. One batch is annealed in air and the other one is in a vacuum at
different temperatures (200, 250, 300, 350, and 400 °C). The air annealing was carried
out in a single-zone quartz tube furnace. The samples were loaded into the preheated
quartz tube at the desired temperature and then kept there for 30 min. The samples
were removed from the tube immediately after the annealing time for rapid cooling.
The vacuum annealing was also carried out in the single-zone quartz tube furnace.
The samples are loaded into the quartz tube at room temperature and then evacuated
using a rotary pump up to ~107> mbar pressure. The quartz tube was placed in a single-zone
furnace, and the temperature was ramped to the set value. Once the temperature
reaches the set value, it is maintained for 30 min. After the annealing time, the samples
are allowed to cool down gradually to room temperature while keeping the vacuum.
Once it reaches room temperature, the vacuum is released, and the samples are taken
out. The samples with glass/CdS are used for the CdS film characterisation.

Sh:Se:s film deposition by close-spaced sublimation (CSS)

In publication |, the absorber layer Sb2Ses was deposited using a close-spaced sublimation
technique. A schematic diagram of the CSS reactor is shown in Figure 15. Sb2Ses granules
of 5N purity (Sigma Aldrich) were used as source material and the substrate was kept at
a 4 cm distance from the source material. The source material is kept at 490 °C and the
substrate at 460 °C during the deposition to maintain a deposition rate of 1 um/min.
A thickness of ~1.5 um was optimised.

—— Thermsocouple

Figure 15. CSS set up a) schematic illustration and b) photograph of the actual experimental setup.

ShzSes film deposition by vapor transport deposition (VTD)

In publications Il and 1lI, ShzSes films were deposited on the glass/FTO/CdS substrates
with different chlorine concentrations by VTD using a three-zone tubular furnace (Carbolite)
(Figure 16). Sb2Ses granules of 5N purity (Sigma Aldrich) were used as source materials.
Initially, the quartz tube was evacuated using a combination of rotary and turbomolecular
pumps (Pfeiffer vacuum) down to 10> mbar. The substrate-to-source distance was varied
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(2,3, 6,10 cm). In publication I, argon gas was introduced into the tube through a needle
valve to bring more control to the rate of deposition. This reduced the working pressure
to 1x1073 mbar. The temperature of the source and substrate was ramped at 20 °C/min
until it reached 500 °C and 400 °C, respectively. This temperature was kept for 5 min to
obtain the desired thickness of 1 um. In publication lll, the source-to-substrate distance
was varied so that to maintain the same thickness, the deposition time was adjusted.
After deposition, the furnace lid was opened, exposing the quartz tube to the ambient
air. The vacuum pump was promptly shifted from turbo to rotary, reducing the vacuum
level to 1072 mbar to stop the deposition of Sb2Ses films. The quartz tube was allowed to
cool down to 30 °C, and then it was ventilated to take the sample outside.

) Source
Substrate " material

Vacuum meter

oo (] [ )
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Figure 16. VTD set up a) schematic illustration and b) photograph of the actual experimental setup.

Gold thin film (back contact) deposition by thermal evaporation (TE)

The superstrate configuration solar cells with glass/FTO/CdS/Sb2Ses/Au structure (Figure
17) were completed by deposition of Au using the thermal evaporation method. High
pure gold wire bought from Alfa Aesar was used as the source material. The chamber was
evacuated to ~107° mbar vacuum with the help of rotary and diffusion pump combination.
A custom-made stainless steel mask with a circular coating area of 7.063 mm? was used
to get the perfect contact area. To avoid any damage during the device measurements,
indium pads are used on top of the Au films.

cds &

N FTO

Glass

Figure 17. Superstrate configuration of solar cells used in this thesis study.

2.2 Characterisation of thin films

X-ray diffraction (XRD)

The crystal structure and the phase composition of the CdS and Sb,Ses thin films were
analysed by X-ray diffractogram. The Rigaku Ultima IV system using monochromator Cu
Ka radiation (A = 1.54 A, 40 kV, 40 mA) equipped with D/teX Ultra silicon line detector in
the 26 (Bragg-Brentano) regime using a 20 step of 0.04°, a counting time 2—10 s/step with
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sample rotation. The XRD patterns were compared with the standard powder diffraction
data (Joint Committee on Powder Diffraction Standards (JCPDS)) and analysed using
Rigaku PDXL2 software.

Scanning electron microscopy (SEM)

The morphology and thickness of the CdS and Sb:Ses films were analysed using SEM
analysis. For publications | and Ill, the images of films were made by Zeiss EVO-MA15
scanning electron microscope (SEM) equipped with a Zeiss HR FESEM Ultra 55 system at
Taltech. For publication II, the image of the films was obtained using a scanning electron
microscope (SEM) Zeiss EVO 10 at Czech Technical University, Prague. These SEM images
were acquired at 10kV, magnification of 20 kX and working distance (WD) of 7.55mm in
the regime of secondary electrons (SE) using an off-beam detector.

Hall measurement

The electrical properties, such as carrier concentration, mobility, and resistivity of CdS
films, were measured at room temperature using a Hall and van der Pauw controller
H-50. The thickness of the films (~100 nm) was estimated from the cross-section SEM
images and was added to the software. Indium pads were used as contacts, and the films
were measured a minimum of five times to reduce the error.

Ultraviolet-visible spectroscopy

In publication Il, the total transmittance and reflectance spectra of the CdS films were
recorded using an ultraviolet-visible (UV-VIS) spectrophotometer over the 300—-1100 nm
range on Jasco V-670 ultraviolet-visible-near infrared spectrometer. The optical band gaps
(Eg) of the films were calculated from the absorption spectra using Tauc plots.

Kelvin probe measurement

In publication Il, the contact potential difference (CPD) in the dark and under the
illumination of CdS and SbzSes films was measured by a Scanning Kelvin Probe (SKP)
system from KP Technology. The CPD data were recalculated to the work function values
using the equation:

WFsample = (CPDsample - CPDref) x 1073+ WFref (1)

As the WF reference (WF:), the Au reference sample from KP Technology was used.
SKP measurements were done in a glove box using a grounded steel probe tip of 2mm
diameter. The CPD was measured in the dark-light-dark-light-dark cycle by switching solar
simulator illumination (AM1.5G filter, class AAA solar simulator HAL-C100, Asahi Spectra,
Japan). CPD was measured as a function of time for 13.75minutes (1250 data points).
Multiple locations were tested on each sample. The surface photovoltage (SPV) was
determined as the difference between WFight and WFdark. The second part of the SKP
experiment was the mapping of WF across the scanned area of 4.89x4.89 mm? using a
matrix of 12x12 points (hence 0.4075 mm per point). WF mapping was also performed
in the dark and under the solar simulator illumination. This measurement was carried out
at Czech Technical University, Prague, under the supervision of Dr. Bohuslav Rezek.

Secondary ion mass spectroscopy(SIMS)

In publication I, the elemental depth profiling was acquired via secondary ion mass
spectroscopy (SIMS). Positive and negative ion profiles were recorded using a hidden
analytical IG20 gas ion gun and EQS1000 quadrupole detector. Samples were bombarded
with Ar* ions (5keV and 200nA on the sample surface) and the beam was rastered
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over an area of 500x500 mm?. A data gating of 10% was applied for the analysis. This
measurement was done at Northumbria University, under the supervision of
Dr. Guillaume Zoppi.

Temperature-dependent admittance spectroscopy(TAS)

Temperature-dependent admittance spectroscopy measurements were made at 20 K to
320 K with a temperature step of AT = 10 K using a Wayne Kerr 6500B impedance analyser.
Impedance Z and phase angle 6 were measured as a function of frequency f and
temperature T. Frequency f was varied from 20 Hz to 10 MHz, and a minimum AC voltage
of 30 mV was applied to remove the background noise. To gain a deeper understanding
of the defects, dark measurements were carried out at 0, 0.2, and 0.4V forward DC bias
conditions. This measurement was carried out at the division of physics, Taltech, under
the supervision of Dr. Raavo Josepson.

2.3 Characterisation of CdS/Sb.Ses solar cells

The performance of superstrate configuration solar cells with a Glass/FTO/CdS/Sb2Ses/Au
structure was evaluated using current-voltage (J-V) measurements. These measurements
were conducted using an AUTOLAB PGSTAT 30 potentiostat in conjunction with an Oriel
Class A solar simulator (model 91159A) under standard test conditions (AM 1.5G,
100 mW/cm?). Additionally, external quantum efficiency (EQE) measurements were
performed over the wavelength range of 300-1000 nm. The EQE setup comprised a
Newport 300 W Xenon lamp (model 69911) as the light source, a Newport Cornerstone
260 monochromator for wavelength selection, and a silicon-calibrated detector (Merlin)
for signal detection.
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3 Results and discussion

This chapter highlights the main findings in publications I, Il and IIl. Section 3.1 focuses
on the optimisation of the post-deposition annealing treatment of CdS films and its effect
on CdS films and CdS/Sh:Ses solar cells (publication I). Section 3.2 focuses on the
impact of in situ chlorine incorporation on the CdS films and CdS/Sb.Ses solar cells
(publication 11). Section 3.3 focuses on the optimisation of the VTID method through
source-to-substrate distance adjustment and Ar gas incorporation to control the growth
rate of the ShSes films and their dependence on CdS/Sb»Ses solar cells and their defects
(publication 111).

3.1 Impact of post-deposition annealing treatment of CdS films on its
properties and CdS/Sb,Ses solar cells.

In this section, the effects of post-deposition annealing treatment (PDT) on the properties
of CdS thin films and the performance of CdS/Sh.Ses solar cells are comprehensively
discussed. The results presented herein have been published in publication I.

3.1.1 The effect of post-deposition annealing on CdS film properties

Structural and morphological properties

The XRD analysis of CdS films deposited on a glass substrate and annealed at 200-400 °C
(Figure 18) was used to study the impact of annealing on the structural properties of the
CdS film. The XRD patterns are compared with standard data (ICDD: 01-089-0440 and
01-074-9665) [200]. This revealed distinct diffraction peaks corresponding to the (100),
(101), (110), (103), and (004) planes of the CdS crystal structure (Figure 18a and b).
Notably, the XRD pattern of the sample annealed at 400 °C exhibited an additional
diffraction peak indexed to the (200) plane of the CdO phase (ICDD: 00-005-0640),
indicating the oxidation in the CdS layer under elevated air annealing temperature
conditions. In contrast, the XRD patterns of CdS films subjected to vacuum annealing
displayed only the characteristic peaks of the CdS phase, with no evidence of secondary
phases, regardless of the annealing temperature applied.
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Figure 18. XRD pattern of a) vacuum annealed and b) air annealed CdS films, at 200°C—400°C
temperatures for 30 min; displacement of dominant XRD peak depending on the c) vacuum and d)
air annealing conditions.

To further investigate the structural modifications induced by different annealing
atmospheres, a detailed analysis was conducted in the 26 range of 26°-27°, as presented
in Figure 18c and d. This region encompasses the prominent (111) diffraction peak, which
has been previously attributed to both cubic and hexagonal modifications of CdS [132],
[179]. But in these films, the structure of the CdS remained hexagonal. A comparison of
the (111) peak evolution with increasing annealing temperature reveals distinct behaviours
between vacuum and air annealed samples. In the case of vacuum annealed samples, the
(111) peak showed a notable shift towards higher 26 values (~27°) at 200 °C compared to
the as-deposited CdS film. As the annealing temperature increased from 200 °C to
400 °C, the (111) peak gradually shifted towards lower 26 values, eventually returning to
a position close to that of the as-deposited sample at 400 °C. Conversely, the air annealed
samples exhibited a continuous shift of the (111) peak towards higher 26 values with
increasing annealing temperatures. Specifically, at 300 °C, 350 °C, and 400 °C, the peak
approached a position corresponding to the 020 plane of the CdSO4 phase (ICDD: 00-014-
0352), suggesting the potential formation of additional secondary phases at elevated air
annealing temperatures. However, apart from the CdO-related peak observed in the 400 °C
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air annealed sample, no other diffraction peaks corresponding to CdSOs were detected
in the XRD patterns.

The observed shifts in the primary XRD peak and the emergence of oxide phases can
be interpreted by considering several interrelated structural and chemical phenomena.
Firstly, the appearance of the CdO phase at higher annealing temperatures, as evidenced
in Figure 18b. This is mainly due to the thermal decomposition of cadmium sulfate
(CdS0a4), which usually forms within the CdS lattice and later reacts with atmospheric
oxygen during air annealing [133], [217].
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Figure 19. Variation of lattice parameter (a) and crystalline size (D) depending on the vacuum and
air annealing temperatures.

In the case of vacuum-annealed samples, the shift of the primary XRD peak can be
linked to the decomposition of cadmium hydroxide (Cd(OH)2), which is known to
crystallise within the CdS lattice during the CBD process. The incorporation of Cd(OH),
during deposition has been recognised as a key factor influencing the variation in lattice
parameters, particularly the differences observed between hexagonal and cubic CdS
crystal structures. With increasing annealing temperature, the Cd(OH); phase undergoes
thermal dissociation into CdO and water vapour. This transformation results in significant
structural rearrangements within the CdS lattice, thereby inducing changes in the lattice
parameters (Figure 19).

Additionally, the reduction in lattice constants observed under both air and vacuum
annealing conditions may be attributed to the increased mobility and out-diffusion of
hydroxyl (OH™) groups within the CdS lattice. A supporting indicator of this process is the
observed decrease in crystallite size as the annealing temperature increased from 200 °C
to 400 °C, under both atmospheric conditions (Figure 19). Although such a trend in
crystallite size reduction with increasing annealing temperature may initially appear
counterintuitive, previous studies [134] have suggested that the out-diffusion of OH™
impurities exert a contracting effect on the CdS lattice, thereby reducing crystallite
dimensions.

Furthermore, for air-annealed samples, the main XRD peak located at approximately
27.15° closely aligns with the 26 position of the (020) diffraction peak of the CdSO4 phase,
raising the possibility of incipient formation of sulfate-based secondary phases. Although
the corresponding peaks for CdSO4 were not explicitly observed in the XRD patterns,
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the proximity of this diffraction signal suggests partial phase transformation or structural
distortion induced by sulfur oxidation at elevated temperatures.

The presence of such phase mixtures comprising CdS, CdO, and potentially CdSO4can
have a significant influence on the optoelectronic properties of the CdS layer. These
structural and compositional variations are likely to affect the band alignment, interface
quality, and carrier transport characteristics in CdS/Sb.Ses heterojunctions, thereby
impacting the overall performance of the solar cell device.

Figure 20. Surface and cross-section SEM images of CdS films deposited on glass substrates:
a) as deposited, b) annealed in vacuum at 200 °C, c) annealed in air at 200 °C, d) annealed in vacuum
at 400 °C, e) annealed in air at 400°C with an annealing duration of 30 minutes.

The surface morphology and cross-sectional structure of the as-deposited and
annealed CdS films on glass and FTO substrates were examined using SEM, as shown in
Figures 20 and 21. The as-deposited CdS layer (Figure 20a) exhibited small grains with
visible agglomeration into localized clusters, indicating a non-uniform growth pattern.
Upon vacuum annealing at 200 °C, no significant changes were observed in the grain size
or overall surface morphology, as shown in Figure 20b, suggesting limited thermal
activation at this temperature under vacuum conditions. In contrast, air annealing at the
same temperature resulted in a more uniform grain size distribution (Figure 20c),
implying enhanced surface modification through grain growth facilitated by the presence
of oxygen. Interestingly, vacuum annealing at a higher temperature of 400 °C (Figure 20d)
yielded a surface morphology comparable to that observed for the 200 °C air annealed
sample, indicating that higher thermal energy in vacuum is required to achieve similar
morphological evolution. Most notably, air annealing at 400 °C (Figure 20e) produced
films with densely packed grains and improved grain connectivity. This morphological
transformation suggests that air annealing at elevated temperatures promotes
recrystallisation and sintering processes, thereby enhancing the compactness and
structural integrity of the CdS films.
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Figure 21. Surface and cross-section SEM images of CdS films deposited on FTO/glass substrates:
a) as deposited, b) annealed in vacuum at 200 °C, c) annealed in air at 200 °C, d) annealed in vacuum
at 400 °C, e) annealed in air at 400 °C with an annealing duration of 30 minutes.

Since the CdS is deposited on FTO for solar cell fabrication, the morphology of the CdS
deposited on FTO substrates was also analysed (Figure 21). As-deposited and 200 °C
vacuum annealed CdS films grown on FTO exhibit similar morphology to CdS deposited
on glass. In this case, the porous layers comprising small grains and some grain
conglomerates cover uniformly the relatively large FTO grains. Air annealing at 200 and
400 °C and vacuum annealing at 400 °C lead to significant densification of the CdS film
(Figure 4a-e).

Electrical and optical properties

To study the effect of PDT on the electrical properties (carrier concentration, mobility,
and resistivity) of CdS films, Hall measurements of the films deposited on glass substrates
annealed at 200-400 °C for 30 minutes were carried out. As Table 3 shows, the as-deposited
CdS films exhibit n-type conductivity with an electron concentration of 4.4x10% cm3,
electron mobility of 5 cm?/Vs, and a resistivity of 2.8x102 Q.cm. All films retained their
n-type conductivity regardless of the annealing conditions. The variation in electrical
parameters with respect to annealing conditions can be categorised into three distinct
temperature regimes:

i In the 200 °C-250 °C range, the resistivity decreases significantly from 4.2 to
2.6 Q.cm for air annealing and from 3.2 to 0.2 Q.cm for vacuum annealing.
Concurrently, the carrier concentration increases by approximately one order of
magnitude, from 10% to 10 cm= in the case of air annealing, and from 10*® to
10 cm™ under vacuum conditions.

ii. At 300 °C annealing temperature, a reverse trend is observed, where resistivity
increases to 45 Q2.cm and 8.5 Q.cm, while the carrier concentration decreases
by an order of magnitude to 107 cm™ for air-annealed films and 108 cm™ for
vacuum-annealed films.

iii. In the high-temperature regime of 350 °C-400 °C, a pronounced increase in
resistivity is observed: from 7.7x10° to 4.2x10* Q.cm for air annealed samples
and from 4.6x10* to 1x10* Q.cm for vacuum annealed films. Correspondingly,
the carrier concentration exhibits a dramatic decrease, by approximately three
and seven orders of magnitude for air and vacuum annealing, respectively.

54



Table 3. Electrical properties of CdS films annealed at different annealing temperatures in air and

vacuum.
Air Vacuum
T(°C) Carrier Conc. | Mobility Resistivity | Carrier Conc. Mobility Resistivity
(cm3) (cm?/Vs) (Q cm) (/ecm3) (cm?/Vs) (Q cm)

annz:"ng 4.4x10% 5 2.8x10? 4.4x10% 5 2.8x10?
200 6.3x10% 3.1 4.2 1.7x10%8 1.2 3.2
250 3x10%8 3.3 2.6 1.4x10%° 2.2 2x101
300 2.1x10Y 0.7 4.5x10! 8.5x10% 0.9 8.5
350 1.6x10%3 6.1 7.7x103 1.2x10%8 1.0 4.6x10!
400 1.2x10% 12 4.2x10* 5x10%t 13 1x10%

A similar dependence of carrier concentration on annealing temperature under air
atmosphere has been previously reported by Maticiuc et al. [132], who attributed the
trend to the mobility and eventual dissociation of hydroxide (OH") groups within the CdS
lattice. These OH™ groups are incorporated during CBD process and have been proposed
to act as shallow donors [218]. At lower annealing temperatures (e.g., 200 °C), the OH~
groups are thermally unstable and tend to decompose, releasing water and generating
sulfur vacancies (Vs). Since Vs is known donor defects, their increased formation at these
temperatures accounts for the abrupt rise in electron concentration.

At elevated annealing temperatures (350 °C and 400 °C), conditions become favourable
for the substantial out-diffusion or removal of OH" species from the CdS lattice, leading
to a notable reduction in free carrier concentration. Although this mechanism has been
primarily described for hydrogen and air-annealed CdS layers, the results obtained in this
study suggest that it is also applicable to vacuum-annealed films. Furthermore, in the
case of air annealing at 400 °C, the presence of CdO secondary phases (XRD analysis in
Figure 18b) may contribute to the significant decline in carrier concentration, reaching
values as low as ~10° cm=3,

The observed low mobility values at intermediate annealing temperatures
(200 °C-300 °C) can be ascribed to enhanced scattering of charge carriers by ionised
impurities present in the lattice. At higher annealing temperatures (350 °C and 400 °C),
the progressive removal of these impurities results in increased carrier mobilities,
consistent with previous observations reported by Spalatu et al. [135].
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Figure 22. Variation in the bandgap of CdS films with vacuum and air annealing temperature.

The optical band gap of CdS thin films deposited on glass substrates was evaluated
using Tauc plot analysis derived from UV-VIS absorption measurements. The as-deposited
CdS films exhibited a direct optical band gap of approximately 2.42eV. Upon
post-deposition annealing in the temperature range of 200 °C to 400 °C under both air
and vacuum conditions, a consistent decrease in the band gap was observed, as
illustrated in Figure 22. In the case of vacuum annealing, the reduction in band gap can
be attributed to the thermal decomposition of cadmium hydroxide (Cd(OH)2) into
cadmium oxide (CdO) and water, a phenomenon previously reported by Maticiuc et al.
[133]. For air-annealed samples, the narrowing of the band gap is correlated with the
formation of CdO secondary phases, as confirmed by X-ray diffraction analysis.
The presence of CdO, a material with a lower band gap than CdS, contributes to the
observed redshift in the absorption edge, as supported by earlier studies [201].

3.1.2 The effect of CdS post-deposition annealing on Sh,Se; film properties

As a step towards the fabrication of a solar cell device, Sb.Ses absorber films were
deposited on a glass/FTO/CdS stack by CSS method and the structure and morphology of
SbaSes films were analysed. Figure 23 shows the XRD patterns and texture coefficients
(TC) of SbaSes films grown on as-deposited, 200 °C and 400 °C air annealed, and 200,
400 °C vacuum annealed CdS samples. Texture coefficients were performed according to
Krautmann et al. [5]. The values were calculated using equation (2):

(2)

XRD analysis of the SbhaSes thin films revealed prominent diffraction peaks at 26 values
of 28.2°,31.1°, 32.2°, 45.1°, and 45.6°. These peaks were identified, by comparison with
standard reference data (JCPDS No. 15-0861), as corresponding to the (211), (221), (301),
(151), and (002) crystallographic planes of orthorhombic Sh2Ses. In films where SbaSes
was deposited on air-annealed CdS substrates, a preferential growth along the (002)
plane was observed. This orientation was especially pronounced for Sb2Ses grown on CdS
films annealed in air at 400 °C, where the intensity of the (002) reflection significantly
surpassed that of the other detected peaks. Conversely, SbhoSes films deposited on
vacuum-annealed CdS layers exhibited a consistent (221) orientation across all annealing
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temperatures. These observations suggest that SbhaSes films show a tendency for more
vertically oriented growth on air annealed CdS substrates when compared to vacuum
annealed counterparts. However, despite these tendencies, the XRD data do not present
unequivocal evidence for a strong preferential orientation in any of the Sb2Ses samples.
For instance, although the (221) reflection appears slightly more intense in Sbh2Ses layers
grown on CdS annealed under vacuum at 400 °C, the overall distribution of diffraction
intensities suggests that the films are predominantly randomly oriented.

. § S ey ool  EEMArz00cC
2 1 ey e I V2cuum 200 °C
S T - 2257 [l ~ir 400 °C

: & $ ME S S al €50 B Vacuum 400 °C
E ~ = oy = QL

4] | 1 | 1 o
= ! ! | | 1.5
& S ' L
o N ‘ : 210
S | 5

[= | : 054
- ' gb,Se, JCPDS 45-0861

.‘| s || : lllll d.:uzlll IJl.I n 0.0 -
10 20 30 40 50 60 211 221 301 231 002
20 (Deg.)

Figure 23. a) XRD spectrum and b) texture coefficient of Sb,Ses on CdS annealed in vacuum and air
at 200 °C and 400 °C.

One plausible explanation for the enhanced 002 texture in Sh2Ses films deposited on
400 °C air annealed CdS films may be related to the modified surface morphology of the
CdS under these conditions. SEM analysis (Figure 21) demonstrated that these CdS films
exhibit a more compact, sintered grain structure with larger grains, which could lead to
increased surface energy and consequently influence the nucleation dynamics of SbSes,
favouring growth along the 002 direction. Additionally, the oxidation of CdS, evidenced
by the formation of CdO as detected in the XRD patterns (Figure 18b), may also play a
role in altering the growth orientation of the ShzSes layer.
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Figure 24. SEM images of superstrate configuration glass/FTO/CdS/Sb;Ses stack with CSS
Sb;Ses absorber layer deposited at 460 °C:a)top-and cross-sectional view of absorber film
deposited onto as-deposited CdS, b) top-and cross-sectional view of absorber deposited onto
vacuum annealed CdS at 200 °C and c) top-and cross-sectional view of absorber deposited onto air
annealed CdS at 200 °C.

To know more about the morphology of the Sbh2Ses grains deposited on CdS films,
surface and cross-sectional SEM images of CdS/SbzSes stacks (Figure 24), where the CdS
layers were subjected to different annealing treatments: as-deposited, vacuum-annealed
at 200 °C, and air-annealed at 200 °C, were analysed. The absorber layer deposited on
the as-deposited CdS (Figure 24a) is characterised by irregularly shaped grains with sharp
edges and exhibits significantly higher inner porosity compared to the ShzSes films
deposited on annealed CdS layers. In contrast, when SbzSes is deposited on CdS annealed
in vacuum at 200 °C (Figure 24b), the resulting absorber displays larger, more compact,
and densely packed grains. A similar morphological improvement is observed in the
absorber deposited on air-annealed CdS at 200 °C, which exhibits a more homogeneous
grain size and shape distribution across the film. Notably, when the CdS layers were
annealed at 400 °C, either in vacuum or in air, the morphology of the overlying Sbh2Ses
absorbers remained consistent with that observed for the films grown on CdS annealed
at 200 °C, as seen in Figure 24c. These observations collectively indicate a strong
correlation between the morphological evolution of the absorber layer and the structural
and microstructural properties of the underlying CdS.

The high degree of porosity observed in the SbhaSes layer deposited on as-deposited
CdS (Figure 24a) can be attributed to the presence of organic residues within the CdS film.
These residues originate from the CBD process and remain embedded in the film in the
absence of a post-deposition annealing treatment. During the subsequent CSS deposition
of Sh2Ses, the elevated process temperatures can act as an indirect annealing step for the
underlying CdS layer, facilitating the out-diffusion of organic residues. This process can
lead to the formation of voids and pinholes within the Sbh.Ses absorber layer. Conversely,
in cases where the CdS films undergo prior thermal annealing (either in air or vacuum),
the majority of these organic residues are effectively removed before the deposition of
SbSes. As a result, the annealed CdS layers provide a more stable and residue-free
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interface, which promotes the growth of compact and pinhole-free Sb,Ses absorber
layers. These findings reinforce the significance of appropriate post-deposition treatment
of the CdS ETL in determining the final morphology and structural integrity of the Sbh2Ses
absorber.

3.1.3 The effect of CdS post-deposition annealing on CdS/Sh,Ses solar cell
properties

In this section, solar cells were fabricated using a superstrate device architecture
consisting of glass/FTO/CdS/Sb,Ses/Au, and a systematic investigation was carried out to
evaluate the influence of various CdS annealing conditions on the photovoltaic (PV)
performance parameters. The PV parameters of the fabricated devices were extracted
from current density-voltage (JV) characteristics, with representative curves under
standard illumination shown in Figure 25a, and the corresponding average values are
summarised in Figure 26.
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Figure 25. a) JV characteristics and b) EQE of CdS/Sb,Ses solar cells with as-deposited, air and vacuum
annealed CdS at 200 °C, c) lonization potential of Sb,Ses d) activation energy calculated from Voc—T
plot, e) band alignment of FTO/CdS/Sb,Ses/Au solar cell structure.

The analysis indicates that the devices incorporating as-deposited CdS films exhibited
the lowest PCE of 1.2%. In contrast, significant improvements were observed in all key PV
parameters, open circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF),
and PCE, when the CdS ETL was subjected to annealing at 200 °C in either vacuum or air.
However, for annealing temperatures 2250 °C, regardless of whether performed in
vacuum or air, a decline in all PV parameters was observed (Figure 26). Among the tested
conditions, annealing at 200 °C in air yielded the best device performance, with the
top-performing solar cell achieving a PCE of 2.8%, accompanied by a Voc of 350 mV, Jsc of
18.3 mA/cm?, and FF of 43% (Table 4). This particular device also demonstrated the
highest EQE response in the short-wavelength range (300-700 nm), as shown in Figure 25b.
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Table 4. Photovoltaic parameters of the best performing CdS/Sb,Ses solar cells with as-deposited,

vacuum and air annealed at 200 °C, CdS films.

No. CdS annealing Photovoltaic parameters
condition Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
As deposited 230 13.7 39 1.2
Vacuum 200 °C 260 16.4 44 1.8
Air 200 °C 350 18.3 43 2.8

In comparison, the EQE response in the 300-700 nm region was substantially
lower for the devices incorporating as-deposited and 200 °C vacuum-annealed CdS. This
reduction in short-wavelength EQE has been previously reported in CdS/Sb2Ses [4], [207]
and CdTe/CdS [179], [219], [220] heterostructures, and is often attributed to intermixing
between the CdS and the absorber layers (Sb2Ses or CdTe), leading to the formation of a
CdS1-xSex or CdTe1-xSx solid solution at the heterojunction interface.
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Figure 26. Main photovoltaic parameters, including a) open circuit voltage (Voc), b) short circuit current

density (Jsc), ) fill factor (FF), and d) photoconversion efficiency (PCE) with average values (marked as
hollow squares) measured for Sb,Se; devices.

In this research (publication 1), the pronounced intermixing observed in the
as-deposited and 200 °C vacuum-annealed CdS-based devices likely accounts for their
diminished EQE in the 300—700 nm range. For the device with as-deposited CdS, this
phenomenon may be linked to the film's morphology, which features small grains (Figures
20a and 21a) with high surface energy. These high-energy surfaces are prone to mass
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transport via the gas phase during the CSS deposition of Sb,Ses at 450 °C, thereby
facilitating extensive alloy formation at the interface. Furthermore, the presence of
organic residues, as discussed in previous studies [179], [200], [221], and the occurrence
of large aggregates on the surface of as-deposited CdS may interfere with proper
heterojunction formation. These issues collectively contribute to the reduced EQE and
the relatively low PCE observed for these devices (Figures 25a and b). In contrast, devices
fabricated using CdS layers annealed at 200 °C in vacuum exhibited a notable improvement
in EQE and PCE relative to their as-deposited counterparts. This enhancement suggests a
more favourable CdS/SbSes interface, which can be attributed to the removal of organic
residues during the vacuum annealing process. The resulting cleaner and more thermally
stable CdS films facilitate improved absorber morphology and enhanced junction quality.
The most pronounced enhancement was observed for the devices employing 200 °C
air-annealed CdS, which exhibited the highest EQE and best overall device performance.
This indicates that the intermixing at the CdS/Sbh2Ses interface in these devices was
minimal.

For the top-performing device, the ionisation potential (lp) values for both the SbSes
absorber and CdS ETLs were determined through linear extrapolation from the valence
band edge photoemission to 0 eV. A representative fitting for the Sbh2Ses layer is shown in
Figure 25c, yielding an Ir of 5.424+0.02 eV, which is consistent with values reported in the
literature [97]. Further analysis of the resulting energy band diagram (Figure 25e) reveals
that the conduction band minimum of CdS lies above that of Sh.Ses, producing a
spike-like conduction band offset of approximately 0.2 eV at the main interface. While
this type of band alignment may assist in preventing carrier recombination, it can also act
as a barrier to electron transport, thereby contributing to a reduction in Jsc, as suggested
in previous studies [222]. The temperature-dependent open-circuit voltage (Voc—T)
characteristics were analysed by linear extrapolation to 0 K, yielding an activation energy
Ea of 0.98+0.01 eV (Figure 25d), which is lower than the optical bandgap of SbSes
(~1.2 eV). This discrepancy indicates that significant recombination occurs at or near the
CdS/ShaSes interface, thereby limiting device performance.

Based on these results, the PDT conditions for the CdS films were optimized and fixed
at 200 °C air annealing. Subsequently, new strategies were adopted to further enhance
the absorber and ETL properties, including the incorporation of chlorine into the CdS
layer and the implementation of the VTD technique for Sh2Ses film fabrication, with the
aim of improving the overall performance of the solar cells.

3.2 Impact of In-situ chlorine incorporation in CdS films on its
properties and CdS/Sb,Ses solar cells.

In this section, the detailed results regarding the impact of in situ chlorine incorporation
into CdS films, achieved by introducing NH4Cl into the CBD solution, on the properties of
CdS film, as well as on the performance of CdS/Sh.Ses solar cells, are presented and
discussed. Furthermore, the deposition method for Sb.Ses thin films was transitioned
from CSS to VTD. This modification was implemented to overcome the fixed source-to-
substrate distance limitation inherent in the CSS setup available at the institute, and to
explore the scalability potential of the VTD technique for future device fabrication. These
findings have been published in publication II.
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3.2.1 The effect of in situ chlorine incorporation on CdS film properties

Structural and morphological properties

To evaluate the impact of chlorine incorporation on the structural and morphological
properties of CdS thin films, a series of CdS layers were deposited on glass substrates via
CBD, incorporating varying concentrations of NH4Cl at 0, 1, 2, 4, and 8 mM in the precursor
solution. The resulting films were subsequently characterized using XRD and SEM
techniques.
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Figure 27. (a-e) Surface SEM images of CdS films prepared with 0, 1, 2, 4, and 8 mM NH,Cl in the CBD
precursor, (f) XRD pattern of CdS with different NH,Cl concentration, (g) Variation of (002) peak of CdS
films with different NH,Cl concentration.

The surface morphology of the CdS films was examined using SEM, as shown in
Figures 27a-e. All samples exhibited compact, uniform grain structures without visible
cracks, and no substantial variations in surface morphology were observed across the
different NH4Cl concentrations. This morphological stability suggests that the relatively
low concentration of NH4Cl employed in the present study did not significantly disrupt
the growth dynamics of the CdS films. Although previous reports have demonstrated
changes in CdS morphology upon doping with chloride ions [6] or silver ions [223],
the current findings indicate that the low CI~ concentrations used here maintained the
integrity of the film morphology.

The XRD pattern of CdS films with different NH4Cl concentrations was compared
with standard reference data (PDF Card No. 01-074-9665) [133], as shown in Figure 27f.
The results confirmed the formation of hexagonal phase CdS, with prominent diffraction
peaks observed at 25.2°, 26.8°, 28.5°, and 44.3°, corresponding to the (100), (002), (101),
and (110) crystallographic planes, respectively. Importantly, no secondary phases such as
CdCl; or other chlorine-related compounds were detected, indicating that Cl incorporation
did not lead to the formation of extrinsic crystalline phases. This observation is consistent
with findings by Sivaraman et al. [224], who similarly reported an absence of chlorine-
related diffraction peaks in CdS films doped with Cl via spray coating, even at higher Cl
concentrations than those used in the present study.
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A detailed analysis of the 002 reflection was carried out to elucidate the effect of
NH4Cl incorporation on lattice structure (Figure 27g). The 002 peak appeared at nearly
the same 20 position, indicating minimal structural variation within the NHa4Cl
concentration range. However, the sample with 8 mM NH4Cl exhibited a shift of the
002 peak toward a lower 26 angle compared to the 4 mM NH4Cl sample, implying a lattice
expansion possibly due to enhanced Cl incorporation. Notably, as the NH4Cl concentration
increased from 0 to 4 mM, a slight shift of the 002 peak toward higher 26 values was
observed. This peak displacement was observed in CdS films subjected to different
annealing environments (Publication 1) and is attributed to the lattice disorders, particularly
hydroxide (OH") and chloride (Cl") species during film formation. The observed shift in the
002 reflection serves as indirect evidence of chlorine incorporation into the CdS lattice
structure.

Optical and electrical properties

In continuation with the methodology adopted in publication |, the optical and electrical
properties of CdS thin films with varying concentrations of NH4Cl were systematically
investigated. The optical band gap of the CdS films deposited on FTO substrate was
determined using Tauc plot analysis derived from UV-Vis absorption spectra, and the
electrical properties of the CdS films deposited on glass substrate were examined through
Hall effect measurements.
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Figure 28. (a) Tauc plots, showing the variation in bandgap of CdS films processed with 0-8 mM
NH,4Cl concentration (b) electrical properties (carrier concentration and resistivity) of CdS films with
different NH4Cl concentration.

The band gap results (Figure 28a) indicate a slight decrease in the optical band gap
from 2.47 eV to 2.45 eV with the initial introduction of NH4Cl at a concentration of 1 mM.
As the NH4Cl concentration was further increased beyond 1 mM, the band gap remained
nearly constant, exhibiting only marginal variations on the order of 0.1 eV. It is important
to note that these changes are relatively minor when compared to previous studies [224]
involving high levels of chlorine doping, where more pronounced band gap modifications
were reported.

The electrical properties of the CdS films, specifically carrier concentration and
resistivity as a function of NH4Cl concentration are presented in Figure 28b. All films
exhibited resistivity on the order of 10* Q cm, consistent with values previously reported
by Hiie et al. [225]. A notable increase in resistivity was observed upon the introduction
of 1 mM NHaCl, rising from 3.6x10* to 8.3x10%* Q cm. However, a sharp reduction in
resistivity occurred when the NH4Cl concentration was increased to 2 mM, dropping to
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3.3x10* Q cm. Beyond this point, as the concentration of NH4Cl was further increased to
4 mM and 8 mM, the resistivity exhibited only a moderate increase, ranging from 3.3x10%
to 5.0x10* Q cm. This abrupt reduction in resistivity from 1 mM to 2 mM NHaCl may be
attributed to the incorporation of ClI™ ions into the CdS lattice, although no distinct Cd or
Cl phases were detected in the XRD patterns (Figure 27f). An alternative explanation
involves sulfur vacancies: the introduced Cl atoms may occupy these vacancies, thereby
increasing the free carrier concentration and consequently reducing the resistivity. Such
mechanisms have also been reported in literature addressing sulfur-deficient CdS films
[226].

The carrier concentration exhibited significant variation with NH4Cl concentration.
The highest carrier density of 1.3x10%* cm™ was recorded for CdS films containing 2 mM
NH4Cl. Increasing the NH4Cl concentration to 4 mM resulted in a similar carrier
concentration, while a further increase to 8 mM led to a two-order-of-magnitude drop in
carrier density to 8.4x10'2 cm™3. Notably, the CdS film with 2 mM NH4Cl exhibited both
the highest carrier concentration (1.3x10' cm™3) and the lowest resistivity (3.3x10* Q
cm), whereas the film with 1 mM NH4Cl showed the highest resistivity (8.3x10% Q cm)
and the lowest carrier concentration (3.4x10%° cm™3). These pronounced variations in
electrical properties provide strong evidence for the successful incorporation of chlorine
into the CdS lattice.

The reason for the changes in electrical properties in CdS films is due to two
concomitant processes (both hydroxyl group and chlorine incorporation) occurring in the
lattice.

nCdS + CA(OH), — Cdyy1Sn2(0H),Veq (3)
2NH,Cl + CdSO,  CdCl, + (NH,),S0, (4)
nCdS + CdCl, = CdyyySy2CLVeq (5)

According to equation 3, as a result of the chemical reaction during CBD process,
cadmium hydroxysulfide is formed, and the OH group occupies the sulfur site in the CdS
lattice, behaving as a shallow donor. On another hand, according to equation 4,
the presence of NH4Cl in the CBD precursor solution promotes the formation of CdCls,
leading to the incorporation of Cl into the CdS lattice and generating one Vcd per every
pair of incorporated Cls. Depending on the concentration of both hydroxyl group and
chlorine in CdS, the generated Vcd?™ can compensate the (OH)s* and Cls*, resulting in a low
electron density of CdS.

Thus, at 0 mM NH4Cl, the electron concentration in CdS film is entirely determined by
the concentration of OH group which is incorporated into CdS on sulfur sites, generating
an electron density of ~3 x 10%3 cm3 (Figure 28b). An incorporation of 1 mM NHaCl in the
CBD precursor seems to be a relatively low concentration to generate enough Cls* which
would enhance the electron density. At such moderate Cl concentration and considering
the incorporated (OH)s*, the concentration of double charged acceptor (Vcd)*™ (which is
generated by incorporation of both, and Cd(OH). (equation 3), CdCl. (equation 5))
appears to be high enough to compensate the shallow donors, resulting in enhanced
resistivity and reduced electron density (Figure 28b). An increase in the electron density
of the films processed with 2 mM NH4Cl in the CBD precursor is due to the enhanced
concentration of Cls* shallow donor defects which seems to be in higher concentration
compared to (Vcd)?>™ at the given incorporated CdCl; amount. As the amount of NH4Cl in
the CBD precursor increases further, the electron density in CdS gradually drops (Figure
28b) because of the high Cl incorporation into the CdS lattice. Under these conditions,
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there is a high probability for Cl to occupy the interstitial states (acting as a p-type defect)
in the CdS lattice, promoting a high degree of compensation effect. Thus, these results
indicate that depending on the amount of the NH4Cl in the CBD precursor, the balance
between (OH)s* and Cls* is always shifted, governing resistivity, electron density and work
function in CdS films.

To gain deeper insight into the energy level alignment and surface electronic behavior
of the CdS films, and to understand the modifications induced by the in situ incorporation
of NH4Cl, the work function (WF) of the films was analyzed under a dark-light—dark—
light—dark illumination cycle. Spatially resolved WF mapping was also conducted to assess
the homogeneity of the electronic structure across the film surface. Figure 29a-e displays
the WF maps of CdS films with 0, 1, 2, 4, and 8 mM NH4Cl measured under dark conditions,
whereas Figures 29f-j present the corresponding WF maps of the same samples under
illumination. Figure 29k illustrates the variation in average WF values and surface
photovoltage (SPV) as a function of NH4Cl concentration.

In the case of the CdS film with 0 mM NHaCl, the WF fluctuated between 4.42 and
4.55 eV in the dark. Upon illumination, a decrease in WF by approximately 0.10 eV was
observed, resulting in a WF range of 4.32—4.42 eV (Figure 29f). This light-induced WF
reduction indicates a positive photovoltage, signifying the generation of photogenerated
holes at the surface. With the incorporation of 1 mM NH4Cl, the WF increased
significantly, ranging from 4.50 to 4.60 eV in the dark (Figure 29b), and again exhibited a
positive photovoltage under illumination (Figure 29g). Notably, the CdS film with 1 mM
NHaCl displayed a more uniform surface charge distribution compared to the other
samples. For the film with 2 mM NH4Cl, the WF range in the dark was between 4.42 and
4.45eV Figure 29c), with minor fluctuations likely influenced by local surface
morphology. Similarly, the 4 mM NH4CI-CdS film exhibited WF values within the same
4.42-4.45 eV range (Figure 29d), and a light-induced decrease of approximately 0.15 eV
was recorded, again indicating a positive SPV. The 8 mM NH4CI-CdS film showed WF
values between 4.46 and 4.56 eV under dark conditions (Figure 29e), which decreased
under illumination by about 0.20 eV to a range of 4.32-4.36 eV (Figure 29j). Overall,
the maximum WF of 4.63 eV was observed for the film containing 1 mM NHaiCl, indicating
a 0.12 eV increase relative to the undoped film. For higher NH4Cl concentrations, the WF
values remained relatively stable, with variations confined within a narrow 0.02 eV
window. Spatial mapping revealed that, except for the 1 mM NH4CI-CdS sample, the CdS
films exhibited comparable and uniform work function distributions in both dark and
illuminated states. The 1 mM NH4CI-CdS film uniquely demonstrated localised regions of
higher work function.
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Figure 29. (a, b, ¢, d, e) dark and (f, g, h, i, j) light condition work function distribution of CdS films
at0, 1, 2, 4, and 8 mM NH,Cl in order (k) Variation of work function (WF) and surface photovoltage
(SPV) with the change in NH,Cl concentration.

This observed WF trend aligns with the electrical characterization results, where a
substantial increase in carrier concentration was recorded as NH4Cl concentration
increased from 1 mM to 2 mM (Figure 28b). This abrupt rise in carrier concentration
suggests effective Cl"incorporation into the CdS lattice, acting as donor species. However,
further increases in NH4Cl concentration from 2 mM to 8 mM resulted in a marked
decline in carrier concentration, which may be attributed to compensation effects. These
could arise from the formation of electrically neutral Cl-containing complexes, as well as
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the incorporation of hydroxide (OH") species during deposition. Despite this, a consistent
and monotonic increase in SPV was observed, rising from 190 eV to 240 eV with
increasing NH4Cl concentration from 0 to 8 mM (Figure 29k), indicating enhanced surface
photovoltage response and suggesting improved charge separation characteristics at the
film surface with higher dopant levels.

3.2.2 The effect of in situ chlorine incorporation in CdS films on Sbh,Se; film
properties

As a continuation toward complete solar cell fabrication, Sb2Ses absorber layers with an
average thickness of approximately 1 um were deposited on glass/FTO/CdS substrates by
VTD method. These substrates included CdS ETLs synthesized with varying NHaCl
concentrations during CBD, enabling an investigation of how the modifications in the CdS
layer influence the structural and morphological characteristics of the overlying Sbh2Ses
absorber films.
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Figure 30. (a-e) Surface SEM images of Sh;Ses films prepared on CdS layers with 0, 1, 2, 4, and 8 mM
NH4Cl in the CBD precursor, (f) Cross-section SEM image of 1 mM NH,CI-CdS/Sb,Ses structure (g)
XRD pattern of Sb,Ses on CdS with 1 mM NH4Cl concentration.

The SEM images of SbaSes films (Figure 30a-e) exhibited compact morphology with
no apparent porosity, indicating continuous and dense film coverage. However, the grain
size and shape were not entirely uniform across the samples. Some grains appeared
irregular in shape, while others exhibited tower-like vertical grain structures. These
morphological deviations are likely attributable to localised substrate temperature
fluctuations during the VTD growth process, which can impact the nucleation and grain
growth dynamics. No significant changes in the surface morphology of the Sb.Ses films
were observed due to the Cl incorporation in the CdS films. This suggests that the
Cl-modified CdS layer has a minimal impact on the surface growth features of the
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absorber material under the current deposition conditions. The cross-sectional SEM
image of the Sb,Ses film deposited on the 1 mM NH4Cl-CdS substrate (Figure 30f) confirms
the presence of well-defined, vertically aligned columnar grains. Such a columnar
microstructure is typically favourable for efficient charge transport in thin-film solar cell
absorbers.

The XRD data of SbzSes films, regardless of the NH4Cl concentration used in the CdS
precursor layer, exhibited identical diffraction patterns. The complete set of XRD patterns
for all samples is shown in Figure 30g. The diffraction peaks observed at 15.03°, 16.87°,
23.9°, 27.02°, 28.2°, 31.16°, 32.22°, 34.08°, 37.98°, 39.08°, 41.35°, 44.95°, 45.57°, and
54.88° correspond to the (020), (120), (130), (021), (211), (221), (301), (240), (041), (411),
(250), (431), (002), and (061) crystallographic planes of orthorhombic SbzSes, in good
agreement with the standard JCPDS card No. 15-0861 [5]. Among these reflections,
the (221) and (211) peaks were particularly intense, indicating a preferential growth
orientation along these planes. This observation aligns with the columnar grain structure
visible in the cross-sectional SEM image (Figure 30f), suggesting a tilted columnar alignment
characteristic of high-quality Sb2Ses films suitable for photovoltaic applications.

3.2.3 Elemental composition of Cl incorporated CdS and CdS/Sh,Ses interface
To elucidate the elemental composition CdS films deposited with varying NHaCl
concentrations, both X-ray Photoelectron Spectroscopy (XPS) and Energy Dispersive X-ray
Spectroscopy (EDX) analyses were conducted. The XPS spectra revealed distinct peaks
corresponding to Cd 3d, specifically at binding energies of 405.8 eV and 412.5 eV, which
are characteristic of Cd?* in CdS. However, no significant Cl 2p signal was detected within
the typical Cl 2p binding energy range of 190-210 eV. This absence of surface Cl signal
suggests that chlorine introduced during the CBD process is not predominantly located
at the surface of the CdS films. Instead, the incorporated chlorine atoms are likely
distributed within the bulk of the film, which is beyond the detection depth of XPS.
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Figure 31. Secondary ion mass Spectroscopy (SIMS) depth profiles, a) Sb, Se, Cd, S, Cl, and F elemental
distribution in 1 mM NH,CI-CdS samples b) Cd/Sb ratio at NH,CI-CdS/Sh,Ses interface c) S/Cl ratio
of 0, 1, 8 mM NH4CI-CdS samples.

The elemental distribution and interfacial interdiffusion within the CdS/SbaSes
heterojunction solar cells were analysed through SIMS method, performed on samples
employing CdS ETLs prepared with 0, 1, and 8 mM NH4Cl concentrations. Figure 31a
illustrates the depth profiles of key elemental species Sb*??, Se®, CI35, Cd?4, $32, and F*°
for the solar cell incorporating 1 mM NH4CI-CdS. The depth-resolved profiles confirm the
distinct presence of constituent elements corresponding to the Sbh,Ses absorber and CdS
ETLs. Notably, the CI*° signal detected within the 1 mM NHa4CI-CdS sample provides strong
evidence of successful Cl incorporation into the CdS layer. The S/Cl ratio derived from
SIMS data (Figure 31c) was highest in the Cl-free (0 mM NH4Cl) sample and progressively
decreased with increasing NH4Cl concentration. This trend confirms the effective
incorporation of chlorine into the CdS films as the NH4Cl concentration in the chemical
bath is increased.

To further investigate possible intermixing at the CdS/Sb.Ses interface, the Sb/Cd
intensity ratio was calculated from SIMS data for all three NH4Cl concentrations (0, 1, and
8 mM), as shown in Figure 31b. The samples prepared with 1 mM and 8 mM NHa4Cl
exhibited a more gradual slope at the CdS leading edge compared to the 0 mM sample,
indicating enhanced Cd diffusion into the ShaSes absorber. Interestingly, this interdiffusion
does not appear to scale linearly with Cl concentration; the 1 mM NH4CI-CdS sample
displayed the most pronounced intermixing, suggesting optimal Cl-induced lattice
modification occurs at this concentration. Such interdiffusion can promote the formation
of a CdSe transition layer at the interface, potentially improving the heterojunction

69



quality. Compared with earlier reports, Wen et al. [85] have reported a remarkable PCE
of 7.6% using a similar Sb2Ses absorber deposited by the VID method and have
attributed their result to improved lattice matching and defect passivation due to
interfacial intermixing. Similarly, Liang et al. [188] reported a 7.4% efficiency in
substrate-configuration CdS/Sh2Ses solar cells utilising VTD followed by post-selenization.
However, other studies [4], [124], [207] employing the CSS method have reported a
detrimental impact on device performance from excessive intermixing, underscoring the
deposition technique dependence of this effect. These contradictory results highlight
that the extent and nature of intermixing at the CdS/Sb2Ses interface and its subsequent
influence on solar cell performance are strongly dependent on multiple interrelated
factors. In particular, PDT of the CdS films, the degree of chlorine incorporation into the
CdS layer, and the specific process conditions employed during absorber deposition
(e.g., optimized VTD or CSS methods) all play critical roles in determining whether such
interfacial interdiffusion yields beneficial or detrimental effects on device efficiency.

3.2.4 The effect of in situ chlorine incorporation in CdS films on CdS/Sh,Se;
solar cell properties

As the next step, Sb2Ses-based solar cells were fabricated in a superstrate configuration
(glass/FTO/CdS/Sb2Ses/Au), wherein the CdS ETL was deposited with varying
concentrations of NH4Cl to investigate the influence of in situ chlorine incorporation on

the device performance.
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Figure 32. (a) open circuit voltage (Voc), (b) short circuit current density (Jsc), (c) fill factor (FF), (d)
power conversion efficiency (PCE), (e) JV characteristics and (f) external quantum efficiency (EQE)
of CdS/Sb,Ses solar cells with a change in NH4Cl concentration in the CBD-CdS.

The device parameters, such as Voc, FF, and PCE (Figure 32), extracted from the JV
curve (Figure 32e) of the solar cells, were increased when 1 mM of NH4Cl was introduced
to the CdS films. The Voc increases to 391 mV from 354 mV, FF increases to 52.4% from
51.7%, and PCE increases to 4.6% from 4.2%. The highest PCE of 4.6% was also obtained
for the cells using a CdS ETL with 1 mM NHaClI (Figure 32d). As the NH4Cl concentration in
the CdS film increases after 1 mM all the solar cell properties go down. The lowest PCE of
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2.2% was obtained for the solar cells with 8 mM NH4Cl CdS ETLs. The incorporated Cl has
affected the solar cell parameters. The cells with maximum resistivity and minimum
carrier concentration (1 mM NHaCl) CdS as ETL, resulted in the best performance.

The improved performance of the solar cells with 1 mM NH4CI-CdS depends on
several mechanisms that happen to the CdS as well as the CdS/Sb.Ses interface during
the VTD deposition. In general, during this process, the underlying CdS ETL experiences
thermal annealing, particularly during the temperature ramp-up phase of the substrate
and source. This thermal exposure induces a recrystallisation of the CdS layer,
wherein the initially small grains with high surface energy undergo grain growth. This
recrystallisation not only modifies the microstructure of CdS but also facilitates the
decomposition and out-diffusion of incorporated species such as chlorine and hydroxyl
(OH) groups. Along with that the SIMS analysis of the CdS/Sh:Ses interface shown in
Figure 31b has revealed notable elemental interdiffusion. This plays a critical role in
determining the structural and electronic properties of the n—-p heterojunction by
affecting interface defect formation and the overall quality of the junction. Specifically,
the SIMS results of the 1mM NH4CI-CdS/Sb2Ses sample confirmed an extensive diffusion
of Cd atoms into the Sb:Ses absorber compared to the other samples. This latter
observation is particularly noteworthy, as previous reports have only speculated on Cd
diffusion without providing direct experimental evidence. Certain studies have
hypothesised that Cd incorporation into Sb2Ses may act as a donor defect, potentially
generating a rectifying junction within the space charge region [209]. This dual effect
appears to enhance the quality of the heterojunction and, in turn, the overall device
performance.

The EQE response (Figure 32f) of the solar cells shows steady efficiency in the
550-750 nm range. The solar cells with CdS ETL deposited with 0 and 1 mM NH4Cl have
~70% response in the 550-750 nm region. As the concentration of the NH4Cl in the CdS
films increases, the response steadily decreases, and the lowest efficiency of ~50% was
obtained for the cells using CdS films with 8 mM NH4Cl. At the lower wavelength of the
EQE spectra, a clear reduction in the response can be observed. This is one of the peculiar
trends that has been reported by other researchers due to the intermixing effect between
CdS and SbzSes occurring as result of higher temperature deposition of Sbh2Ses absorber
film. In our investigation, we observed a reduction in the EQE spectral response at lower
wavelengths (400-550 nm) for solar cells fabricated using 8 mM NH4CI-CdS compared to
those utilising 1 mM NH4Cl. This agrees well with the SIMS results (Figure 31a), where
a higher degree of interdiffusion is revealed for the 1 mM NH4Cl concentration. This
intermixing process may contribute to a reduction in the effective thickness of the CdS
ETL, thereby decreasing parasitic absorption at the lower wavelengths.

The better performance of the cell also depends on the best heterojunction between
the ETL and the absorber films. CdS films are known for intermixing with the Sb,Ses films;
different research groups are trying to overcome these problems through different
methods. There are reports on the incorporation of A**[7], [82] heterojunction annealing
[107] and CdCl; thin-layer deposition [205], [214], [227] which resulted in better
performance in the devices. The introduction of thin films such as TiO2 also improved the
efficiencies of the Sb2Ses solar cell. In our case, it was the simple incorporation of Cl in
the bath at 1 mM concentration that resulted in tremendously improved solar cell
performance.

Based on the optimisation of the CdS ETL through PDT as discussed in Section 3.1, and
the favourable chlorine incorporation observed at 1 mM NH4Cl concentration, the CdS
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deposition parameters were fixed for subsequent device fabrication. With these
optimised CdS conditions established, the focus of the research was then directed
towards optimising the VTD process for the Sb2Ses absorber, specifically by adjusting the
source-to-substrate distance and incorporating argon (Ar) as a carrier gas.

3.3 Impact of Sh,Ses growth rate via VTD on defect formation and PV
performance of CdS/Sb.Ses solar cells

In this section, the key findings obtained from the optimisation of the source-to-substrate
distance (Dso-sub) and the incorporation of argon (Ar) carrier gas to control the growth rate
of ShaSes during the deposition via VTD are presented and analysed. To ensure a consistent
basis for comparison, solar cells were fabricated using both chloride-processed and
non-processed CdS ETLs. Given the previously established optimal condition for NH4Cl
treatment at a concentration of 1 mM (as discussed in Section 3.2), this concentration
was selected for the present investigation. For clarity and consistency, CdS films
processed with and without NH4Cl are hereafter referred to as chloride-processed and
non-chloride-processed CdS films, respectively, denoted as CI-CdS and Non-CI-CdS.
Similarly, solar cells incorporating these respective ETLs are denoted as Cl-CdS SCs and
Non-CI-CdS SCs.

3.3.1 The influence of Dso.sub and growth rate during VTD on Sb,Se; film
properties

Structure and morphological properties

In the preceding study (Section 3.2), the VTD of Sb2Ses was carried out with a fixed
Dso-sub of 10 cm, yielding a moderate and reproducible deposition rate of approximately
0.16 um/min. Building upon these initial findings, this section's study aims to further
optimise the VTD growth rate while maintaining a constant Sb.Ses absorber thickness of
0.8+0.1 um. To this end, the Dsosub parameter was systematically varied across four
values: 3 cm, 4 cm, 6 cm, and 10 cm, corresponding to deposition rates of approximately
1.0, 0.8, 0.4, and 0.16 um/min, respectively.
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Figure 33. a) & c) XRD pattern and Texture coefficient of Sb,Ses films (constant thickness of ~0.8 um)
deposited on Non-CI-CdS films at 3, 4, 6 and 10 source to substrate VTD distance (Dso-sup), b) & d) XRD
pattern and Texture coefficient of Sb,Ses films deposited on CI-CdS films at 3, 4, 6 and 10 Dso-sup.

The XRD patterns, shown in Figure 33 a and b, indicate that all films exhibit crystalline
features characteristic of orthorhombic Sb2Ses, as confirmed by comparison with the
standard PDF reference card (00-015-0861). Notably, prominent diffraction peaks
corresponding to the (221) and (211) planes were observed at 20 positions of 31.16° and
28.2°, respectively. These reflections are commonly associated with preferentially
oriented columnar grain growth and have been widely reported in the literature as
indicative of high-quality absorber layers with vertically aligned ribbon-like grains [4],
[90]. The (321) peak exhibited the highest TC values (Figure 33d), followed by the (221)
and (211) peaks, confirming the hkl orientation of Sb:Ses films deposited via VTD,
regardless of the employed CI-CdS, Non-CI-CdS, or the Dso-sub. Notably, the Sb2Ses films
deposited on CI-CdS films displayed more consistent TC values across varying Dso-sub
compared to films deposited on Non-CI-CdS films, suggesting enhanced uniformity in the
structural properties.
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Figure 34. a-d) Surface SEM images of Sb;Ses films deposited on Non-ClI-CdS films at 3, 4, 6 and 10 cm
Dso-sub (€-h) Surface SEM images of Sb,Ses films deposited on CI-CdS films at 3, 4, 6 and 10 cm Dso-sup.

The crystallographic orientation of SbaSes thin films plays a critical role in determining
the overall PV performance of the solar cell. Specifically, the presence of preferential
growth along the (hk1) planes has been shown to enhance charge carrier transport along
the quasi-one-dimensional ribbons of Sb.Ses, thereby facilitating efficient charge
extraction and improving device performance [216]. In contrast, orientations aligned
along (hk0) planes are associated with increased recombination losses due to the
unfavourable charge transport pathways, which detrimentally affect the PCE of the
devices. Furthermore, the surface morphology, particularly grain compactness and the
absence of pinholes, is equally essential for minimising recombination sites and ensuring
optimal charge collection.

The surface morphology of Sh2Ses films deposited on non-Cl-CdS substrates at varying
Dso-sub is shown in Figure 34a-d. At a Dso-sub Of 3 cm (Figure 34a), the ShaSes film exhibited
a compact and relatively uniform morphology. Increasing the Dso-sub to 4 cm (Figure 34b)
resulted in improved grain size and enhanced film compactness. However, further
increasing the Dso-sub to 6 cm (Figure 34c) led to the emergence of irregular grain growth,
and at 10 cm (Figure 34d), the films displayed a pronounced degree of morphological
disorder, characterised by both random grain orientations and variable grain sizes.
In contrast, Sbh2Ses films deposited on CI-CdS substrates demonstrated progressively
enhanced morphological quality with increasing Dso-sub Up to 6 cm. As seen in Figure 34e-g,
the films became increasingly uniform and compact, with larger and more well-defined
grains. Notably, at a Dso-sub of 6 cm (Figure 34g), the SbaSes film exhibited significantly
better compactness and surface uniformity compared to its non-Cl-CdS counterpart
under the same deposition conditions. Nevertheless, at a Dso-sub of 10 cm (Figure 34h),
morphological degradation was again evident, with the films showing random grain
orientation and diminished uniformity, irrespective of the chloride treatment applied to
the CdS layer. It is important to note that for very short Dso-sub Values (1-2 cm), significant
re-evaporation effects were observed, resulting in drastic reductions in film thickness to
approximately 200 nm. This underscores the critical importance of optimising the Dso-sub
to balance deposition/growth rate and film quality.
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3.3.2 The effect of Dso-sub and growth rate during VTD on CdS/Sbh,Se; solar cells
The SbaSes solar cells were fabricated in a superstrate configuration with CI-CdS and
Non-CI-CdS at different Dso-sub to study the effect of both changes on the device
parameters (Figure 35 and Table 5).

Table 5. PV parameters from JV measurement of champion solar cells with and without chlorine-
processed CdS ETL at different Dso-sup.

Device parameters

No. Solar cell Dso.-sub
(cm) Voc(mV) Jsc (mA/cm?) FF (%) PCE (%)

3 360 22.7 53.9 4.4

SC with
350 23.0 55.1 4.4

1. non-Cl-
cds 6 364 23.9 53.1 46
10 355 235 51.7 43
3 353 19.6 55.4 3.8
SC with Cl- 4 351 19.8 53.8 3.7
Cds 6 376 24.9 52.8 5.0
10 391 22.4 52.7 4.6

In the case of solar cells fabricated with Non-CI-CdS ETLs (Non-ClI-CdS SCs), the Voc
exhibited a non-linear dependence on the Dso-sub during the VTD growth of SbhaSes.
The lowest Voc value of 346 mV was recorded for devices with an absorber deposited at
a Dso-sub of 4 cm, while a maximum Voc of 364 mV was achieved at 6 cm. Upon further
increasing the distance to 10 cm, Voc decreased slightly to 352.4 mV. A similar trend was
observed for other photovoltaic parameters, including Jsc, FF, and PCE, as illustrated in
Figure 35b-d. These parameters improved progressively with increasing Dso-sub Up to
6 cm, beyond which a decline was noted. The optimal device performance was obtained
at a Dso-sub of 6 cm, with the highest Jsc of 24 mA/cm?, FF of 56.4%, and a corresponding
PCE of 4.6%. At a Dsosub Of 10 cm, the efficiency declined marginally to 4.2%, indicating
suboptimal growth conditions.

In contrast, devices incorporating CI-CdS ETLs (CI-CdS SCs) demonstrated a more
pronounced and consistent enhancement in performance metrics with increasing Dso-sub.
The Voc increased steadily from 345 mV at 3 cm to 391 mV at 10 ¢cm, indicating improved
junction quality likely due to the synergistic effects of Cl incorporation and optimised
absorber growth. However, for Jsc and PCE, peak values were achieved at an intermediate
Dso-sub Of 6 cm, recording 25 mA/cm? and 5.0%, respectively. These values declined slightly
at 10 cm, suggesting a deterioration in film quality or increased recombination losses at
lower deposition rates. The enhanced performance observed for the Cl-CdS/SbzSes
device at 6 cm is attributed to the improved morphological characteristics of the absorber
layer, as confirmed by SEM analysis (Figure 34g), which revealed compact, uniform, and
pinhole-free grain conditions favourable for efficient carrier transport and reduced
interface recombination.
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Figure 35. Variation of PV parameters cell a) Voc, b) Jsc, ¢) FF and d) PCE of Non-Cl-CdS and CI-CdS
SCs at different Dso.sup during VTD deposition.

A notable decline in PCE was observed for CI-CdS/Sb2Ses SCs in comparison to their
Non-ClI-CdS counterparts, particularly at Dsosub of 3 and 4 cm. This reduction in device
performance can be primarily attributed to the presence of chlorine within the CdS layer
and its interaction with the thermal environment during Sb:Ses deposition. At shorter
Dso-sub Values (1-2 cm), significant re-evaporation of the Sh2Ses was observed from the
substrate, leading to severely reduced thickness and a deterioration in grain compactness.
Although re-evaporation effects were less pronounced at Dso-sub of 3 and 4 cm, the elevated
substrate temperatures during VTD are likely to affect the CdS layer. This heating effect
can be considered as a PDT step in a vacuum condition, inadvertently altering the
material properties and thus adversely affecting device performance.

In section 3.1, the effects of PDT under high-vacuum conditions on similarly processed
Cl-treated CdS films were discussed. It was revealed that vacuum annealing of CI-CdS
films at temperatures near 400 °C led to a degradation in all key photovoltaic parameters,
which correlates well with the diminished PCE observed in CI-CdS/Sb,Ses devices at
Dso-sub of 3 and 4 cm. Although the earlier investigation utilised the CSS method for Sb>Ses
deposition, the deposition conditions (such as substrate temperatures and Dso-sub (3 and
4 cm)) were comparable to the VTD process. The primary reason for the degradation is
due to the thermal decomposition of Cd(OH)a, resulting in the formation of CdO within
the CdS layer. This significantly reduces the carrier concentration of the CdS films, thereby
affecting their function as an ETL. On the other hand, the comparative performance data
suggest that non-Cl-CdS-based devices are less prone to performance deterioration
under the same VTD conditions, indicating more thermal stability of the non-CI-CdS films.
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Despite this, it is important to emphasise that CI-CdS films and the corresponding
CI-CdS/Sbh2Ses solar cells demonstrated higher PCE values when processed under
optimised conditions. This indicates that, while Cl incorporation introduces sensitivity to
thermal treatment, it also offers potential performance advantages when the thermal
influence is carefully controlled.
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Figure 36. a) JV characteristics and b) EQE spectra of the best-performing Non-Cl-CdS and CI-CdS
SCs. Voc - temperature dependence for Non-Cl-CdS SC (c) and CI-CdS (d) SCs.

Figures 36a and 36b show the JV characteristics and EQE spectra of the best-
performing CI-CdS and Non-CI-CdS SCs, respectively. The CI-CdS device exhibited a
modest enhancement in the EQE response within the 500-800 nm wavelength range.
The integrated Jsc, calculated from the EQE data, correlated well with those obtained
from the JV measurements. Despite this, both device types displayed a notable dip in EQE
near 500 nm, indicative of parasitic absorption losses, which are commonly associated
with the use of CdS as an ETL in Sb2Ses solar cells. In the lower wavelength range
(300-550 nm), the EQE intensity was substantially reduced when compared to devices
utilising TiO2 as the ETL, as reported by Hobson et al.[97]. This is likely attributable to two
primary factors. Firstly, the lower bandgap of CdS (~2.4 eV), relative to that of TiO>
(~3.2 eV), leads to increased parasitic absorption of incoming photons. Secondly,
interfacial intermixing at the CdS/Sb2Ses junction frequently observed in prior studies,
may contribute to additional recombination losses, thereby suppressing carrier collection
in the short-wavelength region. Alternative ETL such as TiO2 offers superior optical
transparency; its practical implementation in ShaSes solar cells, particularly those
fabricated via VTD, remains challenging. TiO2-based devices fabricated using alternative
deposition techniques, such as CSS for SbzSes film deposition, have demonstrated
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promising performance. Notably, Don et al. [110] achieved a PCE of 8.12% by incorporating
a seed layer and utilising RF sputtered TiO2. However, VTD-processed Sb:Ses devices
incorporating TiOz as the ETL have shown comparatively lower efficiencies, typically ranging
from 4.8% [90] to 5.33% [228]. These limitations are often attributed to issues such as
poor surface energy compatibility, increased interfacial defect densities, and lattice
mismatch between SbzSes and TiOa.

To further investigate the defect states in the devices, temperature-dependent Voc
measurements were conducted for both best CI-CdS and non-CI-CdS-based Sh2Ses solar
cells (Figures 36c¢). In both cases, the Voc exhibited a temperature-independent plateau
below 200 K, a feature typically associated with defect-induced carrier freeze-out or
Fermi-level pinning. Above this threshold, the Voc showed a linear temperature
dependence, allowing for the extraction of the activation energy (Ea) by extrapolating the
linear portion of the Voc-T curve to 0 K. The extracted Ea values were approximately
0.91 eV for the Non-CI-CdS devices and 1.0 eV for the CI-CdS devices. These values are in
good agreement with the reported optical bandgap of Sb.Ses (~1.2 eV) [216], as well as
the bandgap values derived from the EQE measurements. However, the deviation of Ea
from the intrinsic bandgap provides insight into the dominant recombination pathways
in the devices. In particular, the Ea value for CI-CdS devices being closer to the bandgap
suggests that recombination is more likely to occur within the bulk of the Sb2Ses absorber,
rather than at the interface. Conversely, the lower Ea observed in Non-CI-CdS devices
implies that interface recombination is more significant in these cells. This conclusion is
further supported by the JV characteristics (Figure 36a), where the CI-CdS solar cells
consistently exhibited higher Voc values than their non-CI-CdS counterparts. The relatively
higher Ea and improved Voc observed in CI-CdS devices suggest that chlorine treatment,
while introducing some bulk recombination, may simultaneously suppress interface-related
losses, thereby enhancing the overall voltage output. These results also emphasise the
importance of interface engineering strategies to mitigate recombination losses at the
heterojunction, which is essential for further improving the efficiency of Sbh.Ses-based
solar cells.

3.3.3 Influence of thermodynamic conditions and VTD system geometry in
Sb,Se; film growth and device performance

The thermodynamic parameters associated with the VTD process significantly influence
the structural and morphological quality of Sb2Ses thin films, thereby affecting the PV
performance of the resulting devices. In the research study of publication Ill, a fixed
absorber thickness of 0.8 um was maintained across all depositions to isolate the effect
of Dsosub on film properties. Despite the constant thickness, variations in deposition
conditions, including growth rate, vapour supersaturation, and thermal gradient arising
from different Dsosub configurations, introduced significant changes in the crystallographic
and morphological characteristics of the Sb2Ses absorber layers. These changes, in turn,
impacted the device performance, underscoring the complex interdependence between
process thermodynamics and film quality.

An important consideration in this context is the specific geometry of the custom-built
VTD setup employed in this work (Figure 16, Chapter 2). The deposition process tube,
which is a coaxial, quasi-closed quartz tube (length: 20 cm, inner diameter: 2.7 cm,
volume: ~46.3 cm3) inserted into a larger horizontal quartz furnace tube (length:
102 cm, inner diameter: 5.5 cm, volume: ~460.5 cm3). This configuration facilitates the
film deposition at a working pressure ~1x1073 mbar (0.1 Pa), establishing a regime
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approximating free molecular (Knudsen) flow. The applied carrier gas flow (0.05 LPM of
Ar) was optimised to enable adequate vapour refresh without significantly diluting the
vapour density. The small volume of the inner quartz tube contributes to stabilised
thermal and vapour gradients, reducing losses due to sidewall deposition and maintaining
steady-state supersaturation conditions. This controlled environment enhances the
sensitivity of deposition dynamics to Dsosub Variations, enabling fine-tuned regulation of
local supersaturation levels across the substrate surface.

At a constant source temperature (Tso) of 520 °C during the VTD deposition, the
equilibrium vapor pressure of SbaSes was estimated using a well-established empirical
relation (equation 6 ):

10810 (Prorr) = 2°66/1 +10.632 (6)

Applying this relation yields a vapor pressure of approximately 0.037 Torr (~5 Pa) at
520 °C. In contrast, at the substrate temperature (Tsup) of 420 °C, the vapor pressure
ranges between 0.003—0.005 Torr (0.4—0.7 Pa). The supersaturation ratio can be calculated

using equation 7,
_bB /
S="/p 1)

This ratio for VTD deposition of the Sb2Ses was found to be 7-12 during the deposition
process. This level of supersaturation is sufficient to exert a strong influence on nucleation
kinetics and crystal growth mechanisms.

At larger Dso-sub Values (e.g., 10 cm), vapor flux becomes more diluted with the inert
Ar carrier gas and subject to partial sidewall deposition losses, which reduces the local
supersaturation and leads to sparse nucleation. As a consequence, the films display
irregular grain morphologies and non-uniform grain orientation (Figures 34d, 34h).
In contrast, for intermediate Dsosuws values (3—-6cm), the vapor transfer rate and
supersaturation are more balanced (S = 2-5), and an optimal growth rate of ~0.4 um/min
was achieved at 6 cm Dso-sub. These conditions promote the formation of well-sintered,
large-grained Sb:Ses films with improved grain size distribution and preferred
crystallographic orientation.

Furthermore, the use of Cl-treated CdS (CI-CdS) substrates enhanced interfacial
quality and grain growth. The CI-CdS interface facilitates balanced interdiffusion of Cd
into the Sb.Ses layer, as verified by SIMS in earlier work (publication Il). This controlled
interdiffusion enhances the density of nucleation sites and contributes to the growth of
larger, more uniform grains. The improvements in film microstructure and interfacial
properties correlate with the observed enhancements in optoelectronic performance,
including a peak power conversion efficiency of 5% for devices fabricated at a Dso-sub Of
6 cm using CI-CdS as the ETL.

In summary, this study demonstrates that vapor supersaturation, growth rate, and
source-to-substrate distance are critically interconnected through the geometrical and
operational parameters of the VTD system. The optimization of these parameters is
essential for achieving high-quality absorber films and improved photovoltaic
performance. These findings highlight the importance of precise control over deposition
thermodynamics and system design in the scalable manufacturing of high-efficiency
Sb,Ses-based solar cells.
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3.3.4 The defect analysis of non-CI-CdS and CI-CdS based Sh,Se; solar cells

In this section, a detailed investigation of defect characteristics in Sb>Ses solar cells
fabricated with and without chloride-processed CdS ETL is presented. To facilitate this
analysis, the best-performing devices from each group, CI-CdS/Sb,Ses and Non-Cl-
CdS/Sh2Ses were selected as representative samples. Two complementary characterization
techniques were employed to probe the defect states: (i) dark JV measurement presented
in a log—log scale to analyze charge transport and recombination mechanisms, and
(ii) temperature-dependent admittance spectroscopy (TAS), performed under varying
bias voltages, to identify and quantify defect activation energies and their energetic
distribution within the bandgap. The results and their implications are discussed in detail
in the following subsections.

Dark JV characteristics (log J-log V curve)

The logarithmic current density versus voltage (log J-log V) analysis is an essential
characterization technique for evaluating charge transport mechanisms in PV devices,
particularly under dark conditions. Unlike standard illuminated JV measurements, this
method provides deeper insights into the defect density in the thin-film solar cells by
distinguishing different conduction regimes that are otherwise indistinguishable.
Typically, the log J-log V curve is divided into three distinct regions:

e Ohmic Region: At low applied voltages, the current increases linearly with
voltage (slope ~1), indicating that the current is governed by thermally generated
free carriers and follows Ohm'’s law. In this regime, charge transport is not
significantly hindered by traps or defects.

e Trap-Filled Limited Region (TFL): As the voltage increases, the injected carrier
density rises, and the traps within the absorber material begin to fill. This results
in a steep increase in current, often showing a slope greater than 2. The slope in
this region is strongly influenced by the trap density and energy distribution.
This region reflects the transition from ohmic behavior to space-charge-limited
conduction.

e  Space-Charge-Limited Conduction (SCLC) Region (Child): At even higher voltages,
the traps are completely filled, and the current is dominated by space-charge
effects. The slope typically returns to a value around 2 (or slightly higher),
indicating that current transport is limited by the buildup of space charge due to
the imbalance of injected carriers. In this region, analysis of the slope and onset
voltage allows estimation of key parameters such as trap density and mobility.
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Figure 37. Log(J)-log(V) plots deduced from dark J-V curves of CI-CdS SCs (a) and Non-CI-CdS (b) SCs.
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This multi-region behaviour in the log J-log V plot makes it an invaluable diagnostic
tool for evaluating defect-related properties in absorber layers like Sb,Ses and identifying
limitations in device performance. By enabling the extraction of quantitative metrics such
as trap density (N7). Ntin this research work was subsequently calculated by using the
VL in the following Equation (8):

Np =t (g

where Nt trap density is in cm™, € is the dielectric constant of Sb2Ses (15.1), € is the
electric constant, Ve is the trap-filling-limit voltage in V, q is electric charge in C, and L is
the Sbh,Ses absorber thickness. In publication Ill, the Vtr values extracted from the log
J-log V plots (Figure 37a,b) were found to be 0.68 V and 0.64 V for the Non-CI-CdS and
CI-CdS SbaSes SCs, respectively. A low Vrr value (<0.2 V) is typically indicative of an
exceptionally low trap density; however, it may also suggest limitations in charge injection
or a reduced carrier concentration. In contrast, a high Vi (>1 V) often reflects a high
density of trap states, increased recombination losses, and poor material or interfacial
quality, commonly associated with deep-level defects. A moderate V1. range (0.2-1.0 V)
is considered optimal for high-efficiency thin-film solar cells such as CdTe, CIGS, and
perovskites [229], as it implies a manageable defect density and favourable charge
transport characteristics. In the present case, both devices exhibit Vrr. values below 1.0 V,
with the CI-CdS SCs showing a slightly lower Vrr, indicating a relatively low defect
concentration and efficient charge transport compared to the non-Cl-CdS-based SCs.
The Nt values were calculated to be 7x10%* cm™ and 8x10%* cm™ for the Non-CI-CdS and
CI-CdS SCs, respectively. These values are in close agreement with previously reported
results [212], [230], [231] and are notably lower than those documented by Chen et al.
[232], signifying the superior quality of Sb2Ses absorber films fabricated via the optimized
VTD method. Interestingly, the slightly lower Nt value observed in the Non-CI-CdS
device suggests a reduced density of trap states, which may contribute to suppressed
recombination losses both at the CdS/Sb.Ses interface and within the bulk of the absorber
layer. These findings further emphasize the importance of controlling deposition conditions
and interface treatments in tailoring defect characteristics for improved photovoltaic
performance.

Temperature-dependent admittance spectroscopy (TAS)

In publication Ill, we extended our analysis to elucidate the behaviour of the activation
energies extracted from temperature-dependent admittance spectroscopy (TAS). In the
case of deep-level defects residing within the bulk of the absorber, the activation energy
obtained from TAS corresponds to the fixed energy separation between the defect level
and the relevant band edge (either conduction or valence band), and thus remains largely
invariant with changes in applied bias. By contrast, an activation energy that exhibits a
systematic shift as a function of bias voltage is indicative of defect states located at or
near the heterojunction interface, where the local electrostatic potential and hence the
apparent defect level energy vary with the applied bias [233]. Such bias-dependent
behaviour, therefore, serves as a diagnostic signature of interface-related recombination
centres rather than intrinsic bulk defects.
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Figure 38. C-f-T curves of CI-CdS SCs measured under 0V (a), 0.2 V (c), and 0.4 V (e) and Non-CI-CdS
SCs measured at 0V (b), 0.2V (d), and 0.4 V (f).

Figure 38a-f presents the temperature and frequency-dependent capacitance (C-f-T)
characteristics of CI-CdS and non-Cl-CdS-based Sb.Ses SCs, measured under three
different bias voltages: 0.0V, 0.2V, and 0.4 V. The capacitance values were extracted from
the real and imaginary parts of impedance Z (f, T) using an equivalent circuit model
consisting of a capacitor in parallel with a resistor, both in series with an additional
resistor, following the approach described by Levcenko et al. [234]. In both device types,
the capacitance curves exhibit a plateau region in the temperature range near 100 K, with
typical values ranging between 25-35 nF cm™. This plateau is consistent with the geometric
capacitance of the devices, assuming a relative permittivity (dielectric constant) of € = 15
for SbaSes, as reported in the literature. The observation of a well-defined single
capacitance step in each C—-T curve indicates the presence of a discrete defect-related
transition that dominates the dielectric response over the measured temperature range.
To quantitatively evaluate the activation energy associated with the detected defect level,
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the inflection points of the capacitance steps were determined from the derivative of the
capacitance with respect to frequency, i.e.,, from the maxima in the -fdC/df plots.
The characteristic emission frequencies fo, corresponding to these inflection points at
various temperatures, were then used to construct Arrhenius plots. The activation energy
(Ea) was extracted by fitting the temperature dependence of the emission frequency to
the standard relation for thermally activated emission (equation 9) [235]:

wo = 2mfy = 2&,T? exp (— i—?) (9)

Where & is the thermal emission prefactor, k is the Boltzmann constant, and T is the
temperature. This approach provides insight into the energetic depth and nature of the
dominant defect states within the device structure.
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Figure 39. Arrhenius plot of the inflection frequencies of Cl-CdS SCs (a) and Non-Cl-CdS (b) SCs
measured under 0V, 0.2 V, and 0.4 V bias.

For the Cl-CdS-based Sb.Ses SCs, the extracted Ea values from TAS measurements
were found to be 0.44 eV, 0.45 eV, and 0.32 eV under applied forward bias voltages of
0V, 0.2V, and 0.4V, respectively, as shown in Figure 39a. In comparison, the Non-CI-CdS-
based devices exhibited Ea values of 0.50 eV, 0.47 eV, and 0.20 eV under the same biasing
conditions (Figure 39b). In both cases, a clear trend is observed: the activation energy
decreases as the applied bias increases from 0 to 0.4 V. The relatively constant activation
energy between 0 V and 0.2 V, followed by a notable reduction at 0.4 V, suggests a
bias-dependent behaviour of the underlying defect state. This behaviour is typically
indicative of interface-related defects rather than deep bulk states within the absorber
layer. In particular, such bias dependence of Ea is often attributed to the modulation of
band bending at the heterojunction interface under forward bias, which in turn alters the
energetic alignment of defect states relative to the conduction or valence band edges
[113], [233].

The reduction in Ea at higher forward bias could arise from the electric field-induced
narrowing of the depletion region, which changes the local potential at the interface. This
may allow defect states, which are otherwise energetically isolated, to interact more
significantly with free carriers or with the band edges. Therefore, the observed activation
energies are likely associated with trap states located either at the CdS/SbaSes
heterojunction or within the ETL near the interface. The dependence of these trap states
on the applied voltage reinforces the hypothesis that they are not bulk traps but rather
interface-localised defects whose energetic position is modulated by the applied electric
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field. Such defects can act as recombination centres under operating conditions, thereby
adversely impacting device performance parameters such as Voc and FF.

To accurately attribute the origin of these defect states, it is essential to correlate
experimental findings with theoretical studies, particularly those involving first-principles
calculations of defect formation energies and electronic structure using density
functional theory (DFT). Recent DFT investigations [87] have predicted a diverse array of
intrinsic point defects in Sh2Ses, including vacancies, antisites, and interstitials. Among
these, vacancy-type defects are often considered to be the most prevalent under typical
synthesis conditions; however, the specific defect populations are highly sensitive to the
vapor-phase stoichiometry and the structural characteristics of the resulting condensed
phase. Notably, the antimony vacancy (Vs») has been associated with energy levels
approximately 0.3—0.4 eV above the valence band maximum (VBM), while the selenium
vacancy (Vse) is positioned around 0.5-0.7 eV below the conduction band minimum
(CBM), with the exact level depending on its charge state and local coordination
environment [4], [87], [236]. In addition to vacancies, antisite defects such as Sbse and
Sesy have also been predicted and experimentally inferred in Sb,Ses. These antisites are
amphoteric in character, introducing deep-level states located at VBM + 0.494 eV and
VBM + 0.697 eV, respectively. Due to their mid-gap positioning and substantial capture
cross-sections for both electrons and holes, these defects are particularly detrimental to
photovoltaic performance, as they can serve as efficient non-radiative recombination
centres [4], [7], [87], [237].

In publication lll, the activation energies extracted from TAS for both CI-CdS and non-
Cl-CdS-based solar cells fall within the range of 0.44-0.5 eV. These values are broadly
consistent with those associated with either the Vs, vacancy or the Sbse antisite defects.
The close similarity in Ea values between the two device types, along with comparable
defect densities as inferred from capacitance measurements, suggests the presence of a
common dominant defect mechanism in both systems. Although these findings do not
unambiguously confirm the chemical identity of the defect states, the consistency with
DFT-predicted defect levels provides strong support for attributing the observed
activation energies to intrinsic point defects, most likely Vsb or Sbse, which are known to
critically impact the optoelectronic properties of Sb2Ses absorber layers.

These findings regarding the defects presented in publication Ill indicate that
additional performance improvements in Sb2Ses-based solar cells may be attainable
through more effective control or elimination of electrically active defect states. Recent
literature highlights several promising strategies designed to mitigate interfacial and
bulk defects, particularly those present at the CdS/Sh:Ses junction. Among these,
post-deposition selenium (Se) treatments have been shown to overcome the Vs defect.
In parallel, the incorporation of alkali metals such as lithium into the CdS layer has
demonstrated potential in modulating the chemical environment at the interface. Liu
et al. [238] reported that lithium doping, when combined with the deposition of a CdCl>
monolayer between CdS and SbzSes, enhances interfacial quality by promoting chemical
homogeneity and suppressing defect generation. Another strategy involves tellurium (Te)
alloying within the ShaSes absorber layer. This approach has been helpful in effectively
modifying the Sb/Se ratio, thereby reducing the formation of Sbse defect. Ma et al. [98]
demonstrated that Te incorporation can modulate defect formation energetics,
resulting in improved crystallinity and reduced mid-gap defect density. Furthermore,
photo-annealing has emerged as a particularly promising post-deposition treatment,
which can facilitate lattice reordering and enhance epitaxial alignment at the interface.
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Liang et al. [237] reported that such treatments significantly reduce the density of
interfacial Sbse defects, which are known to act as efficient non-radiative recombination
centres.

Irrespective of the precise dominant defect states identified in the solar cells,
the improved device performance observed in CI-CdS/Sh2Ses solar cells achieving PCE
approaching 5%, underscores the synergistic benefits of optimised VTD growth
conditions for the Sb.Ses absorber and the chloride treatment of the CdS ETL. These
enhancements reflect a multifaceted improvement in both bulk and interfacial material
quality. The SIMS analysis presented in Section 3.2 (Publication Il) confirmed the
diffusion of Cd into the Sb2Ses absorber when deposited on Cl-treated CdS layers. This
interdiffusion phenomenon has been widely reported in the literature and is often
correlated with the passivation of deep-level defects, particularly vacancy and
antisite-related states, located near the heterojunction interface [237]. It is likely that
these deep states possess relatively high activation energies and, as such, may fall outside
the detection window of the TAS techniques employed in publication Ill. Moreover,
Cl-treatment of the CdS ETL appears to support a more balanced interdiffusion of Cd and
Clinto the SbaSes absorber during VTD growth. This process not only improves the quality
of the interface but may also promote the enhanced diffusion of nucleation centres
across the substrate, resulting in larger grains with improved crystallographic orientation.
These microstructural improvements are known to reduce grain boundary density and
enhance carrier collection efficiency, thereby contributing to superior optoelectronic
properties of the absorber layer.

In summary, the combined insights from this study (publication Ill) underscore the
critical influence of both optimised VTD parameters and chloride treatment of the CdS
ETL on the performance of Sb2Ses-based thin-film photovoltaic devices. The synergistic
effects of these approaches contribute significantly to improving the structural and
optoelectronic quality of the Sb:Ses absorber and enhancing the heterojunction
interface, thereby mitigating recombination losses and boosting overall device efficiency.
While these results represent a substantial step forward, further improvements in PCE
are achievable through the integration of advanced defect mitigation strategies and more
refined interface engineering techniques. Such efforts will be essential to approach the
record efficiencies currently reported by only a few research groups worldwide.
Collectively, these findings highlight the indispensable role of comprehensive process
optimization and targeted materials engineering in the continued advancement of Sb.Ses
solar cell technology. As the field moves toward commercial viability, incorporating these
methodologies into scalable and industrially compatible fabrication protocols will be
pivotal in unlocking the full potential of Sb2Ses as a sustainable, earth-abundant absorber
material for high-efficiency thin-film photovoltaic applications.
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Conclusions

This doctoral work comprised the development of CdS/Sb2Ses thin-film solar cells by VTD,
encompassing a fundamental study of the fabrication process, the effects of CdS
processing and interfacial phenomena, as well as device optimization and defect
characterization. The research aimed to elucidate the interrelation between CdS
processing, CSS and VTD ShzSes absorber properties, and device performance, providing
a new and complementary knowledge for further material and device optimization.
Based on the obtained results, the main conclusions are as follows:

1.

The effect of annealing atmosphere and temperature on CBD-CdS films and
CdS/ShzSes device performance was investigated. Increasing the annealing
temperature from 200 to 400 °C in both vacuum and air changed the CdS
morphology from highly dispersed small grains to sintered dense grains, reduced
the bandgap from 2.43 eV to 2.35 eV and drop the carrier concentration value
from ~10'8 to ~10'* cm™ (vacuum) and ~10Y to ~10'° cm™3 (air). The changes
observed in annealed CdS films were attributed to the influence of residual OH
groups within the lattice and the formation of secondary phases affecting their
structural and electronic properties.

The annealing conditions of CdS films strongly influenced the structural and
morphological properties of the CSS Sb2Ses absorber. Absorbers grown on
vacuum-annealed CdS (200-400 °C) showed larger, compact grains, whereas
those on as-deposited CdS were irregular and porous. XRD analysis indicated
increased presence of (hk1) crystal planes for SbaSes films grown on air-annealed
CdS films.

Air annealing of CdS at 200 °C was identified as the optimal treatment, yielding
a 2.8% PCE, a 60% boost compared to the cells with as-deposited CdS. However,
intermixing between the CdS buffer and the CSS Sb,Ses absorber, along with
strong interfacial carrier recombination, remained major factors limiting device
efficiency.

An alternative approach to the challenging CdCl; post-deposition treatment
of CdS in CdS/SbaSes devices has been proposed, involving controllable Cl
incorporation in CdS films by systematically varying the NHaCl concentration in
the CBD precursor solution from 1 to 8 mM.

Increasing the chlorine concentration maintained consistent structural and
morphological properties of CdS films but significantly modified their electrical
characteristics by changing carrier concentration from 103 to 101 cm™3.

SbaSes films deposited by VTD on CdS film with different Cl concentrations
showed similar morphology, though irregular grain heights appeared due to
temperature fluctuations from high vapor flow. All Sb,Ses retained pronounced
(221) orientation, independent of Cl content in CdS film.

SIMS provided clear evidence of Cl incorporation within the CdS lattice and
enhanced Cd diffusion into the VTD Sb2Ses absorber, representing one of the key
insights of this work. Incorporation of 1 mM NH4Cl as a Cl source in CBD-CdS
significantly improved device PCE by ~20%, demonstrating an effective and
controllable alternative to conventional CdClz PDT.

An optimized growth protocol for Sh2Ses absorber films deposited by VTD was
established by introducing Ar gas to control the growth rate and adjusting the
source-to-substrate distance Dso-sub.
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9. An optimal source-to-substrate distance of ~¥6 cm ensured an absorber growth
rate of ~0.4 um/min, yielding compact and uniform ShzSes films with improved
grain structure, while shorter or longer distances led to rough or inhomogeneous
morphologies. XRD analysis showed increased presence of (hk1) crystal planes,
largely independent of Dso-sub.

10. Devices fabricated with Cl-processed CdS and Sb.Ses deposited at the optimized
Dso-sub achieved a 5% PCE, about 10% higher than those using non-chloride
processed CdS, owing to improved absorber quality and reduced interface
recombination.

11. Temperature-dependent Voc and dark J-V analyses revealed decreased interface
recombination and a lower trap density (~10%* cm™3) in optimized devices, while
admittance spectroscopy indicated the presence of deep defects in the absorber
as the main factor limiting PCE.

Outline and future work

Building upon the findings of this doctoral research, several promising directions can be
pursued to further enhance the performance of CdS/Sb,Ses thin-film solar cells. A key
future objective is to systematically investigate Cd doping of the Sbh,Ses absorber layer, to
improve charge carrier density and carrier lifetimes. Another promising strategy involves
the application of metal halide PDTs directly on Sb2Ses films, such as CdCl,, MgClz, or NaF,
that have the potential to passivate surface bulk defects, grain boundaries, and enhance
crystallinity. To further enhance electron extraction and reduce recombination at the
front TCO-ETL interface, integration of dual or alternative ETLs should be explored.
Combining CdS with TiO2 or investigating alternative ETLs such as Zn(O, S), SnO, or
Zn1xMgxO could enable better band alignment, improved ETL transparency, and
enhanced carrier collection. Finally, extending the study on VTD by examining the impact
of different carrier gas environments, including pure Ar, N2, and Oz their mixtures, could
provide valuable insights into further optimization of absorber thin film growth, defect
formation, and stoichiometric control. Such investigations will be essential for optimizing
large-area VTD deposition and achieving reproducible high-quality Sb2Ses absorber films
suitable for scalable PV manufacturing. Collectively, these future directions aim to build
upon the foundation established in this thesis, advancing Sb,Ses-based solar cells toward
higher efficiencies, improved stability, and sustainable commercialization.
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Abstract

Development of CdS/Sb.Ses Thin Film Solar Cells: Implications
of CdS Processing on Absorber Layer Properties and Device
Performance

Antimony selenide (Sb2Ses) has emerged as a promising absorber material for
next-generation thin-film solar cells owing to its non-toxicity, elemental abundance,
near-optimal bandgap (~1.2 eV), and high absorption coefficient (~10° cm™ in the visible
region). Its pseudo-one-dimensional orthorhombic crystal structure, composed of (SbaSes)n
ribbons weakly bound by van der Waals forces, minimizes dangling bonds at grain
boundaries, leading to excellent defect tolerance compared to other thin-film
technologies such as CdTe, CIGS, and CZTS, which face issues of elemental scarcity,
toxicity, and secondary phase formation. As a simple binary compound, Sbh2Ses offers ease
of synthesis and deposition using scalable vacuum techniques like close-spaced
sublimation (CSS) and vapour transport deposition (VTD). In particular, VTD provides
precise control of deposition parameters such as substrate-to-source distance (Dso-sub),
temperature, and time, enabling the growth of vertically oriented columnar grains that
enhance carrier transport and device efficiency. Cadmium sulfide (CdS), with its wide
bandgap (~2.42 eV) and n-type conductivity, serves as an effective electron transport
layer (ETL) for SbaSes solar cells, typically deposited via chemical bath deposition (CBD)
due to its simplicity and excellent film uniformity. Theoretical studies predict a maximum
power conversion efficiency (PCE) of 32.74% for Sb.Ses solar cells, while recent
experimental reports have achieved PCE of ~10.5% for superstrate-type devices,
underscoring Sh2Ses’s strong potential for sustainable photovoltaic applications. This gap
between the theoretical and experimental PCE indicates that there is still room for
improvement.

The main aim of the thesis is to develop CdS/Sb.Ses solar cells by VTD, from a
fundamental study of the fabrication process, implication of CdS processing and related
interface, to the fabrication of complete device, their optimisation and defect
characterization.

This thesis is based on three interconnected research publications. Publications | and
Il focus on the impact of CdS post-deposition treatment (PDT) and Cl incorporation via
NHa4Cl during CBD on SbzSes properties and solar cell performance, while Publication Il
investigates the effect of VTD Dso-sub in Ar flow on Sb,Ses and CdS/ShaSes cells, comparing
devices with and without Cl-processed CdS. The thesis comprises three chapters. Chapter
1 provides a detailed literature study of Sb2Ses and CdS material properties and their
deposition methods. Chapter 2 mainly provides an overview of the deposition methods
and characterisation techniques used for CdS and SbzSes films and devices used in the
doctoral work. It includes descriptions on deposition parameters such as CSS, VTD, CBD,
and thermal evaporation and characterisation techniques such as X-ray diffraction (XRD),
UV-Vis spectroscopy, Hall measurement, secondary electron spectroscopy (SEM),
Secondary ion mass spectroscopy (SIMS), Kelvin probe and TAS. Building upon the three
core publications, Chapter 3 is divided into three main sections that collectively reflect
their central findings. The first section investigates the effect of PDT of the CdS ETL on the
film properties and the performance of CdS/Sh2Ses solar cells. The second section
examines the impact of chlorine incorporation in CdS films through precursor
modification and its influence on the structural and electrical properties of CdS and
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ShaSes, as well as on the properties of CdS-Sh,Ses interface and CdS/Sh:Ses device
performance. The third section focuses on the optimisation of Sb,Ses absorber growth
via VTD, specifically the role of growth rate and deposition parameters (comparing
structures with and without Cl-processed CdS) on the properties of Sb2Ses and solar cells,
with a strong emphasis on analysis of bulk and interface defects as the key limiting factors
in these devices.

The results demonstrate that PDT of CdS films between 200-400 °C in vacuum and air
led to notable changes in film properties. Annealing transformed the CdS morphology
from fine dispersed grains to sintered, dense structures, reduced the band gap from
2.43 to 2.35 eV, and significantly lowered electron density from ~10*® to ~10'* cm= for
vacuum annealed samples and ~10'7 to ~10'° cm™3 for air annealed samples. These
changes were attributed to the removal of OH groups. The annealing also influenced the
morphology of the overlying Sb2Ses absorber, promoting better grain structure and
vertical growth, particularly on 200 °C air-annealed CdS. This condition yielded the best
device performance, achieving a 2.8% PCE, representing a 60% improvement over
devices with as-deposited CdS. Higher annealing temperatures, especially in air, led to
CdO formation and performance degradation.

Investigation of the impact of chlorine in CdS films by incorporating low
concentrations of NH4Cl (0-8 mM) into the CdS chemical bath revealed that the structural
and morphological properties of CdS remained mostly unaffected; significant changes
were observed in the electrical properties, including a sharp decrease in carrier
concentration and increased resistivity at 1 mM NH4Cl. The bandgap slightly narrowed,
and SIMS analysis confirmed Cl incorporation into CdS and Cd interdiffusion into the
Sb2Ses absorber. Devices with 1 mM NHaCl-treated CdS showed the best performance,
achieving a 4.6% PCE, 20% improvement over untreated CdS devices. A spike-like band
alignment was proposed, allowing efficient charge transfer at the CdS-Sb.Ses interface.
However, higher Cl concentrations negatively affected the performance and EQE
response of the cells. These findings highlight the delicate balance of Cl incorporation and
its critical role in optimising CdS/Sh2Ses solar cell efficiency.

The growth rate of the Sb2Ses by VTD was achieved by adjusting the Dsosu» and
incorporating Ar gas. An optimal Dso-sub Of 6 cm assured an absorber growth rate of
0.4 um/min, which resulted in compact and uniform absorber films with improved grain
structure. Devices using Cl-incorporated CdS and optimised Sh.Ses showed enhanced
performance, achieving a PCE of 5%, a ~10% improvement over devices without
chloride-processed CdS. For the same device, structural analyses confirmed improved
Sh,Ses grain orientation along [001] crystal direction and improved morphology, while
combination analysis of dark log-log JV plots and temperature-dependent Voc revealed
lower trap density (~10* cm™) and slightly reduced interface recombination.
Additionally, TAS was measured at different bias voltages, revealing the presence of deep
defects that could be located close to the heterojunction interface. The extracted
activation energies of 0.5 eV (non-Cl SCs) and 0.4 eV (CI-CdS SCs) above the valence band
maximum (VBM) fall in a range that aligns more closely with Vs, and Sbse defects.

In conclusion, this doctoral thesis presents a comprehensive investigation into the
development of CdS/ShzSes thin-film solar cells fabricated by VTD, highlighting the strong
interdependence between CdS ETL processing, CdS/Sh:Ses interface formation, and
SbzSes absorber growth dynamics. Through systematic studies on CdS post-deposition
treatments, chlorine incorporation, and optimisation of Sb,Ses growth conditions,
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the work demonstrates clear pathways for improving film quality, interface properties,
and device performance.

The novelty of this thesis lies in its integrated approach to understanding and
optimising the CdS/Sh2Ses heterojunction through a combination of process engineering,
defect analysis, and interface characterisation. A new method for chlorine incorporation
via chemical bath deposition was developed and shown to strongly influence Cd
interdiffusion and device efficiency. For the first time, Cl incorporation into the CdS lattice,
Cd diffusion into the SbzSes absorber, and interdiffusion processes at the CdS/SbaSes
interface were directly evidenced by SIMS analysis. The thesis also provides new insights
into interface-related defect states through TAS analysis and identifies optimised VTD
growth parameters that enhance Sb.Ses properties and device performance. Together,
these findings advance the fundamental understanding and technological development
of emerging Sh2Ses-based thin film solar cells.
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Kokkuvote

CdS/Sh,Ses 6hukesekilelise paikesepatarei
arendus: CdS kihi tehnoloogia moju absorberkihi omadustele
ja seadise efektiivsusele

Antimonseleniid (Sb2Ses) on kerkinud esile kui paljulubav absorbermaterjal uue
polvkonna dhukesekilelistes padikesepatareides, sest tegemist on mittetoksilise (ihendiga,
mille keemilisi elemente leidub maapdues rohkesti, tal on optimaalne keelutsooni laius
(~1,2 eV) ning kérge neeldumistegur (~10° cm™ valguse nahtavas piirkonnas).
Antimonseleniid omab kvaasi-ithemddtmelist (Q-1D) ortorombilist kristallstruktuuri, mis
koosneb ndrkade van der Waalsi jududega seotud (SbaSes)n ahelatest. Lihtsa binaarse
Uhendina on Sb:Ses siintees ja sadestamine lihtne ning sobib hasti skaleeritavate
vaakummeetoditega, nagu ldhidistants-sublimatsioon (ingl close-spaced sublimation
(CSS)) ja aurutransport-sadestamine (ingl vapor transport deposition (VTD)). Sealjuures
lubab just VTD tdpselt kontrollida sadestamisparameetreid, nagu substraadi-lahteaine
vahekaugus (Dso-sub), temperatuur ja aeg, voimaldades kasvatada vertikaalselt
orienteeritud kolonnilisi kristalliteri, mis hdélbustavad laengukandjate liikuvust ja
parandavad seeldbi seadme kasutegurit. Kaadmiumsulfiid (CdS), millel on lai keelutsooni
laius (~2,4 eV) ja n-tllpi juhtivus, toimib t6husa elektrontranspordikihina (ingl electron
transport layer (ETL)). SbhaSes pdikesepatareides sadestatakse CdS tavaliselt keemilise
vanni meetodil (ingl chemical bath deposition (CBD)) selle lihtsuse ja saadud kile ihtluse
tottu. Teoreetilised uuringud ennustavad SbzSes péikesepatareidele maksimaalset
kasutegurit (ingl power conversion efficiency (PCE)) 32,7%, samas kui hiljutistes katsetes
on superstraat-tllpi seadiste PCE olnud ~10,5%, mis réhutab Sb.Ses tugevat potentsiaali
kestlikes paikeseenergeetika (PV) lahendustes. Samas néitab teoreetilise ja
eksperimentaalse kasuteguri erinevus, et arenguruumi veel on.

Doktoritoo eesmark on arendada CdS/Sbh.Ses paikesepatareisid VTD meetodil, alates
tootmisprotsessi pdhjalikust uurimisest, CdS té6tlemisest ja tema mdjust CdS/Sb,Ses
piirpinnale, kuni tervikliku seadme valmistamise, optimeerimise ja defektide
karakteriseerimiseni.

To6 tugineb kolmele omavahel seotud teadusartiklile. Artiklid I ja Il keskenduvad CdS
kihi jareltootluse (ingl post-deposition treatment (PDT)) ja Cl lisamise md&jule CBD
protsessis. Sb,Ses omadustele ja pdikesepatarei efektiivsusele. Il artikkel uurib VTD
sadestamisel Dso-sub m&ju argooni (Ar) keskkonnas Sb,Ses kihi ja CdS/ShaSes
paikesepatarei omadustele, vorreldakse seadiseid, millel on kloorita v&i klooriga
toodeldud CdS elektrontranspordikiht. Doktorit6d koosneb kolmest peatiikist. Esimene
peatiikk annab pdhjaliku llevaate SbaSes ja CdS materjali omadustest ning nende
sadestusmeetoditest. Teine peatiikk annab (ilevaate CdS ja Sb2Ses kilede ning seadmete
sadestus- ja karakteriseerimismeetoditest, naiteks CSS, VTD, CBD ja termiline
aurustamine ning rontgendifraktsioon (XRD), UV-Vis spektroskoopia, Halli mddtmine,
skaneeriv elektronspektroskoopia (SEM), sekundaar-ioonmassispektroskoopia (SIMS),
Kelvini sond ja kompleksjuhtivusspektroskoopia (ingl temperature-dependent admittance
spectroscopy (TAS)). Kolmandas peatiikis on kolm pd&hiosa, mis kajastavad kolme
teadusartikli olulisimaid tulemusi: esimeses osas uuritakse CdS elektrontranspordikihi
jareltootluse mdju Ghukeste kilede omadustele ja CdS/Sb.Ses paikesepatareide
joudlusele; teises osas vaadeldakse kloori lisamise mdéju CdS Ohukestele kiledele
lahteaine lahuse modifitseerimise kaudu ja selle mdju CdS ja Sbh2Ses struktuurilistele ning
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elektrilistele omadustele, samuti CdS-Sb2Ses piirpinnale ja seadme joudlusele; kolmandas
osas keskendutakse SbzSes absorberkihi optimeerimisele VTD meetodil, vaadeldes
kristallikasvu kiirusi ja sadestamisparameetreid (struktuurides, millel on kas kloorita voi
klooriga toddeldud CdS elektrontranspordikiht), ning labi defektianalliisi kiles ja kilede
piirpinnal paiknevate defektide mdju paikesepatareide jGudlusele.

Tulemused néitavad, et CdS kilede jarelt66tlus temperatuuridel 200400 °C vaakumis
ja 6hus pohjustas markimisvadrseid muutusi kile omadustes. Kuumutamine muutis CdS
morfoloogiat peeneteralistest hajutatud kristalliteradest tihedateks paakunud
kilestruktuurideks, vahendas keelutsooni laiust 2,43 eV-lt 2,35 eV-le ning langetas
oluliselt elektronide tihedust ~10'® cm3-It ~10! cm™ -le vaakumis té6deldud proovides
ja ~10Y ecm3-It ~10° cm™3 -le 8hus toddeldud proovides. Need muutused tulenesid OH~
rithmade eemaldamisest jareltootluste protsessis. Kuumutamine mdjutas ka SbaSes
absorberkihi morfoloogiat soodustades tihedamat kristallistruktuuri ja vertikaalsemat
kristallikasvu, eriti 200 °C 6hus kuumutatud CdS kihi korral. See kuumtd6tlus andis parima
seadme kasuteguri, saavutades 2,8% efektiivsuse, mis oli 60% parem kui to6tlemata CdS
kihiga seadistes. Kdrgemad kuumutamistemperatuurid, eriti hus, pdhjustasid oksiidide
moodustumist ja joudluse halvenemist.

Kloori m&ju uurimine CdS kiledes, mille kaigus lisati keemilisse vanni madalaid NH4Cl
kontsentratsioone (0-8 mM), naitas, et CdS kihi struktuursed ja morfoloogilised
omadused jdid enamasti muutumatuks, kuid elektrilised omadused muutusid oluliselt:
vabade laengukandjate kontsentratsioon vahenes jarsult ja eritakistus kasvas 1 mM NHaCl
lahuse juures. Keelutsooni laius vahenes ning SIMS analiits kinnitas kloori lisandumist
CdS kihti ja kaadmiumi difundeerumist Sb2Ses absorberkihti. Seadmed, mis kasutasid
1 mM NHaCl lahusega té6deldud CdS kihti, andsid parima, 4,6% efektiivsuse, mis oli 20%
parem kui tootlemata CdS kihiga seadmetel. Seda selgitati |abi piik-tadpi (ingl spike-like)
energiatsoonide joondumise, mis vGimaldab efektiivset vabade laengukandjate
transporti CdS-SbhaSes piirpinnal. Suuremad kloorikontsentratsioonid jallegi halvendavad
seadiste joudlust ja kvantefektiivsust (ingl external quantum efficiency (EQE)). Need
tulemused r&hutavad kloori lisamise tasakaalu olulisust ja selle kriitilist rolli CdS/Sb.Ses
paikesepatareide kasuteguri optimeerimisel.

Sh,Ses kasvu kiirust VTD meetodiga optimeeriti Dso-sub Vahekauguse ja argooni (Ar)
gaasi lisamise abil. Optimaalne Dso-sub 0li 6 cm, mis kindlustas absorberkihi kasvu kiiruseks
0,4 um/min ja mis parandas absorberkihi kristallstruktuuri kompaktsust ja Uhtlust.
Seadised, kus kasutati klooriga to6deldud CdS kihti ja optimeeritud Sb>Ses absorberit,
naitasid paremat joudlust, saavutades kasuteguri 5%, mis on ~10% parem kui ilma
kloorita to6deldud CdS kihiga seadistel. Struktuurianallsid parimal seadmel kinnitasid
SbaSes kristallikasvu paranemist [001] suunas ja morfoloogia paranemist. Lisaks naitas
voolu-pinge pimekdverate temperatuursdltuvus madalamat [8ksutihedust (~10** cm™) ja
vahenenud piirpinna rekombinatsiooni. Erinevatel pingetel méddetud TAS paljastas
siigavate defektide olemasolu, mis vdivad paikneda heterosiirde piirpinna vahetus
ldheduses. Leitud aktivatsioonienergiad 0,5 eV (klooriga té6tlemata CdS paikesepatareides)
ja 0,4 eV (klooriga toddeldud CdS paikesepatareides) valentstsoonimaksimumi suhtes
jaavad vahemikku, mis vastavad kdige paremini Vsp ja Sbse defektidele SbaSes-s.

Kokkuvottes esitleb kaesolev doktoritod pdohjalikku uurimust VTD meetodil
valmistatud CdS/Sb.Ses &hukesekileliste paikesepatareide arendamisest, tuues esile
tugevat ristsdltuvust CdS elektrontranspordikihi valmistamise, CdS/Sbh2Ses heterosiirde
piirpinna kujunemise ja Sb2Ses absorberkihi kasvu diinaamika vahel. Slsteemsed
uuringud CdS kihi jareltootluse, kloori lisamise sadestuslahusesse ja Sb2Ses kasvu
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tingimuste optimeerimise kohta naitavad selgeid voimalusi kilede kvaliteedi, piirpinna
omaduste ja seadmete joudluse parandamiseks.

T66 uudsus seisneb CdS/Sh:Ses heterosiirde mdistmise ja optimeerimise integreeritud
ldhenemises, mis (hendab protsessitehnika, defektide analiilisi ja heterosiirde
karakteriseerimise iseloomustamise. Antud t60s arendati uus meetod kloori lisamiseks
keemilise vanni sadestamise kaudu, mis mdjutab oluliselt kaadmiumi difusiooni ja seadme
kasutegurit. Esmakordselt tdendati SIMS analiitsiga kloori lisandumist CdS kristallivéresse
ning Cd difusiooni Sb2Ses absorberkihti ning vastastikuseid difusiooniprotsesse
CdS/ShzSes piirpinnal. See t66 annab uusi teadmisi heterosiirde piirpinnaga seotud
defektidest TAS-anallilisi kaudu ning esitleb optimeeritud VTD kasvuparameetreid, mis
parandavad Sb»Ses kile omadusi ja seeldbi seadme joudlust. Doktoritdd tulemused on
olulised dhukesekileliste Sb.Ses paikesepatareide fundamentaalsel mdistmisel ja
panustavad seadise tehnoloogia arendamisele.
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Post deposition annealing effect
on properties of CdS films and its
impact on CdS/Sb,Ses solar cells
performance

Sajeesh Vadakkedath Gopi'*, Nicolae Spalatu®*,

Madhawa Basnayaka®, Robert Krautmann®, Atanas Katerski?,
Raavo Josepson?, Raitis Grzibovskis?, Aivars Vembris?,
Malle Krunks? and llona Oja Acik*

‘Department of Materials and Environmental Technology, Tallinn University of Technology, Tallinn,
Estonia, ?Division of Physics, Tallinn University of Technology, Tallinn, Estonia, ®Institute of Solid State
Physics, University of Latvia, Riga, Latvia

Antimony selenide (Sb,Ses) is one of the emerging photovoltaic absorber
materials possessing abundance and non-toxicity as the main attributes.
Following CdTe technology, CdS is a widely used partner layer for Sb,Ses solar
cells. Related to CdS/Sb,Ses device configuration, a number of studies reported
findings and challenges regarding the intermixing phenomenon at the main
interface and suitability of various annealing for CdS (and related interface) and
still, significant room remains in developing strategies for interface optimization
and understanding of the physiochemistry behind. In this perspective, this work
provides a systematic investigation of the effect of vacuum and air annealing at
temperatures between 200 and 400°C on the properties of CdS deposited by
chemical bath deposition and combined with Sb,Ses absorber obtained by close-
spaced sublimation the direct impact of the CdS annealing on the device
performance is illustrated. It is found that by varying the annealing temperature
from 200 to 400°C in both, vacuum and air ambient, the morphology of CdS
changes from highly dispersed small grain structure to sintered dense grains, the
band gap decreases from 2.43 to 2.35eV and the electron density drops from
~10'® to ~10* cm~3. These changes were correlated with the changes in the CdS
lattice and connected with the mobility of the OH group and the presence of
secondary phases in CdS layers. 200°C air annealing of CdS was found as an
optimal treatment resulting in 2.8% Sb,Sez/CdS cell efficiency - a 60% boost
compared to the 1.8% performance of the device with as-deposited CdS. Material
and device characterization analysis is performed, providing complementary
insights on the interrelation between the physicochemical mechanism of the
CdS annealing processes and device functionality.

KEYWORDS

antimony selenide, close-spaced sublimation, cadmium sulfide, post deposition
annealing, thin film solar cells

01 frontiersin.org



Vadakkedath Gopi et al.

1 Introduction

Thin film photovoltaic (PV) devices based on antimony selenide
(Sb,Ses) absorber materials have attracted intensive research in
recent years due to their rapid Photo conversion efficiency (PCE)
progress. Besides being composed of Earth-abundant and non-toxic
elements, Sb,Se; has a suitable band gap energy between 1.1-1.3 eV
(Li Z. etal, 2019; Tang et al,, 2022) and high absorption coefficient
of >10*cm™ in the visible light region (Zhou et al., 2015). These
excellent properties make Sb,Se; a viable addition to copper indium
gallium selenide [Cu (In, Ga)Se,] and cadmium telluride (CdTe)
solar cells, which have shown PCEs reaching 22% (Green et al.,
2021), but for which the scarcity of constituent elements (In, Ga, and
Te) is seen as a potential future constraint. The single-phase
structure and relatively low melting point at 611°C have enabled
the deposition of Sb,Se; by physical vapor techniques, such as
magnetron sputtering (Tang et al, 2019; Chen et al, 2022),
close-spaced sublimation (CSS) (Hobson et al., 2020; Spalatu
et al, 2021) and vapor transport deposition (VID) (Wen et al.,
2018). To date, almost all the record PCEs for Sb,Se; PV devices,
including the record 9.2% (Li Z. et al., 2019), have been achieved
with CSS and VTD fabrication techniques (Krautmann et al., 2023).
Since Sb,Se; is composed of quasi-one-dimensional ribbons, the
charge transfer across the absorber film is strongly dependent on
which crystal direction the Sb,Se; ribbons align (Chen et al., 2015).
Given that Sb-Se atoms form covalent bonds within ribbons, but
adjacent ribbons only bond via weak van der Waals’ forces, vertical
(and vertically-tilted) Sb,Ses ribbons have been deemed optimal for
efficient charge transport (Li K. et al., 2019; Hobson et al., 2020;
Krautmann et al., 2021). Thus, substantial research efforts have been
dedicated to the development of Sb,Se; absorber films, to deliver
suitable processing conditions for optimal grain morphology and
orientation [hkl, | = 1] and for efficient Sb,Ses solar cells (Kumar
et al,, 2021; Biittner et al., 2022; Campbell et al., 2022; Weiss et al.,
2022). Another big focus in the development chain of Sb,Ses-based
solar cells has been the identification of a suitable heterojunction
partner layer to the Sb,Se; absorber, where various buffer layers, e.g.,
cadmium sulfide (CdS) (Weiss et al., 2022), titanium dioxide (TiO,)
(Phillips et al., 2019), zinc oxide (ZnO) (Wang et al, 2017),
cadmium selenide (CdSe) (Guo et al, 2019), tin oxide (SnO,)
(Zhou et al,, 2020) have already been tested. Among these, PV
devices based on CdS/Sb,Se; heterojunctions stand out as most
prolific, having produced some of the highest PCEs of 8.6% and 7.9%
for substrate and superstrate configurations, respectively (Liu et al.,
2021; Tang et al,, 2022). The choice for CdS, is derived from the fact
that this is one of the most established n-type heterojunction (HT])
partner layers in more mature thin film solar cell technologies such
as CIGS (Carron et al,, 2019), CdTe (Potlog et al., 2011; 2012) and
CZTS (Hernidndez-Calderon et al., 2020; Punathil et al., 2021). Like
in the aforementioned solar cell technologies, CdS (~2.4 eV) buffer
films for Sb,Se; PV devices are mostly fabricated by a simple and
cost-efficient chemical bath deposition (CBD) method. This is
particularly the case for state-of-the-art substrate CdS/Sb,Se;
solar cells (Li et al., 2017; Tiwari et al., 2020; Fan et al., 2021;
Tang et al, 2022). In CdS/Sb,Se; PV devices with superstrate
configuration, however, various fabrication techniques aside from
the CBD method, like magnetron sputtering (Ou et al., 2019; Guo
et al., 2020), thermal evaporation (TE) (Kumar et al., 2021) and
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metal-organic solution coating method (MOSC) (Leng et al., 2021),
have been successfully deployed. Another interesting aspect that
distinguishes superstrate devices from substrate devices is the
common use of post-deposition treatments (PDTs) on the
deposited CdS films prior to the Sb,Se; absorber deposition.
Whereas the CdS films in the substrate configuration devices are
not often subjected to any PDTs, some groups have tried it and
demonstrated it in previous reports (Wen et al., 2018; Ou et al., 2019;
Guo et al., 2020; Kumar et al., 2021; Leng et al., 2021; Wang et al.,
2022). For instance, superstrate CdS/Sb,Se; solar cells, with record
PCEs of 7.6% (Wen et al., 2018) and 7.9% (Liu et al., 2021), both
applied a PDT on CBD-deposited CdS films that involved cadmium
chloride (CdCl,) treatment and a following air annealing step at
400°C. Another study demonstrated a PDT on CBD-CdS buffer
films involving ammonia etching, which helped achieve a
superstrate CdS/Sb,Se; device with a PCE of 7.5% (Wang et al.,
2022). Reports of superstrate CdS/Sb,Se; solar cells with PCEs of
5.9% (Leng et al, 2021) and 7.4% (Guo et al., 2020) applied air
annealing on MOSC-made and sputtered CdS films, respectively.
These studies with varying PDT approaches highlight the lack of
understanding of the underlying physiochemical processes and
optoelectronic properties that decide the quality of the CdS/
Sb,Se; HTJ. An additional issue which needs to be addressed in
the scientific community is the need and role of oxygen in the PDT
process of CdS and its impact on the CdS/Sb,Se; hetero-interface
formation and solar cell performance. The question stands for
whether the presence of oxygen (air) in the PDT is needed or
not, and if required, then what would be the optimal temperature of
annealing. A number of recent studies reported that higher
annealing temperatures (400°C-450°C) in air, combined with
CdCl, treatment are beneficial for the formation of CdS/Sb,Ses
interface and solar cell PCEs. Whereas Tang’s group concluded
that during the PDT at 400°C in air, Cl traces from CdCl, treatment
passivated surface defects on CdS grains, which was attributed to
improved performance (Wang et al., 2015), another report (Spalatu
et al, 2017) showed that cadmium oxychloride (CdO-CdCl,) and
cadmium hydroxide [Cd (OH),] residuals (Graf et al, 2015)
resulting from CdCl, treatment impair the quality of the CdS/
Sb,Se; HTJ as well as the growth of the Sb,Se; absorber. Until
now, many factors that could affect CdS/Sb,Se; HTJ include lattice
mismatch, elemental diffusion, parasitic absorption, conduction
band offset (CBO), and a large number of interface defects
between CdS and Sb,Se; have been mentioned. (Ou et al., 2019;
Guo et al., 2020; Wang et al., 2022).

Considering the above aspects, the present study offers a

systematic investigation into post-deposition treatments
conducted on chemically deposited CdS films at various
temperatures and in different atmospheres to identify

conditions, which are optimal for subsequent Sb,Se; growth
and high-quality CdS/Sb,Se; interface. With that, we reveal a
novel post-deposition treatment approach for CdS buffer layers
employed in superstrate CdS/Sb,Se; The
physicochemical processes responsible for the changes in the

solar  cells.
CdS properties with respect to various annealing conditions
are described and correlated with Sb,Se; absorber growth,
interface intermixing, and device performance. The results
provide complementary knowledge on understanding the
challenges and perspectives of the CdS/Sb,Se; device.
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2 Experimental

2.1 Fabrication of CBD CdS films and post-
deposition annealing

CdS films were prepared on glass and glass/FTO (25 x 25 mm?)
substrates using the chemical bath deposition (CBD) technique. The
substrates were cleaned by immersing them in a standard cleaning
solution containing potassium dichromate, water, and sulfuric acid
for half an hour to remove impurities from the surfaces, later they
were boiled in distilled water followed by drying in hot air flow. The
deposition was carried out on a closed jar containing CdSO,
(1mM), (NH,) ,S0, (0.7M), NH,Cl (0.1uM), NH,OH
(30 mM), and thiourea (10 mM) dissolved in de-ionized (DI)
water at 85°C and 500 rpm. The deposition was carried out for
5min to achieve the desired thickness of 60 nm. After the film
deposition, the substrates were ultrasonicated in distilled water with
a few drops of tri-ethanolamine (TEA). Then the films were rinsed
with DI water and dried in airflow. These films are then annealed in
a vacuum at 120°C for 15 min to remove impurities such as water,
hydroxides, and organic compounds which may have stayed on the
films. The resulting films are called “as deposited” CdS films and
then they are divided into two batches. One batch is annealed in air
and the other one in a vacuum at different temperatures (200, 250,
300, 350, and 400°C). The air annealing was carried out in a single-
zone quartz tube furnace. The samples were loaded into the
preheated quartz tube at the desired temperature and then kept
there for 30 min. The samples were removed from the tube
immediately after the annealing time for rapid cooling. The
vacuum annealing was also carried out in the single-zone quartz
tube furnace. The samples are loaded into the quartz tube at room
temperature, then evacuated using a rotary pump up to ~10~> mbar
pressure. The quartz tube is placed in a single-zone furnace and the
temperature was ramped to the set value. Once the temperature
reaches the set value it is maintained for 30 min. After the annealing
time, the samples are allowed to cool down gradually to room
temperature while keeping the vacuum. Once it reaches room
temperature the vacuum is released and the samples were taken
out. The samples with glass/CdS samples are used for the CdS film
characterization and the samples with glass/FTO/CdS samples were
used for Sb,Se; absorber deposition to study the growth of Sb,Se; on
different CdS films and for cell fabrication.

2.2 Fabrication of CdS/Sb,Sez solar cell

The vacuum and air-annealed glass/FTO/CdS samples were
used for the device preparation. The absorber Sb,Se; was
deposited using a close-spaced sublimation technique. Sb,Se;
granules of 5N purity (Sigma—Aldrich) were used as source
material and the substrate is kept at a 4 cm distance from the
source material. The source material is kept at 490°C and the
substrate at 460°C temperature during the deposition to maintain
a deposition rate of 1um/min. A thickness of ~1.5pum was
optimized and then it was deposited on all the annealed buffer
layers to study the effect of CdS annealing on the growth of the
Sb,Se; absorber. The superstrate configuration solar cell with glass/
FTO/CdS/Sb,Se;/Au finished with deposition of Au thin film using
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the thermal evaporation method. Indium pads are used on Au and
FTO layers to make a connection for the device performance
measurements.

2.3 Characterization of thin films and solar
cells

Structural properties of the CdS and Sb,Se; films were
characterized by X-ray diffraction spectra (XRD) with Rigaku
Ultima IV system using monochromator Cu Ka radiation (A =
1.54 A, 40kV, 40 mA) equipped with D/teX Ultra silicon line
detector in the 26 (Bragg-Brento) regime using a 26 step of 0.04°,
a counting time 2-10 s/step with sample rotation. The XRD patterns
of the samples were compared with JCPDS 01-089-0440 and 01-074-
9665 (for CdS) and JCPDS 15-0861 (for Sb,Ses). Top-view and
cross-sectional images of films were made by Zeiss EVO-MA15
scanning electron microscope (SEM) equipped with a Zeiss HR
FESEM Ultra 55 system. The electrical properties such as carrier
concentration, mobility, and resistivity of CdS films were measured
at room temperature using Hall and van der Pauw controller H-50.
The band gap of the films was calculated from UV-VIS spectroscopy
(Jasco V-670 in 200-2,500 nm wavelength range) using the Tauc
plot. The crystal growth and morphology of Sb,Se; thin films on CdS
films were also characterized by XRD and SEM analysis.

The device performance of the cell was analyzed from the J-V
curve [AUTOLAB PGSTAT 30 and Oriel class A solar simulator
91159 A (100 mW cm ™2, AM1.5)] measured at room temperature.
The external quantum efficiency (EQE) was also measured for solar
cells using a light source (Newport 300 W Xenon lamp, 69911),
monochromator (Newport Cornerstone 260) detector (Merlin),
calibrated Si reference detector combination in 300-1,000 nm
wavelength range.

Temperature-dependent J-V characteristics under 100 mWem™
condition of CdS/Sb,Se; solar cells were measured with KEITHLEY
2400 Source Meter, where the temperature in Janis closed cycle He
cryostat was varied from 20 K to 320 K with a step of AT = 20 K. The
ionization energies of the CBD CdS and CSS Sb,Se; layers were
determined by the photoelectron emission spectroscopy method, by
measuring the dependence of photoelectron emission current on the
photon energy.

3 Results and discussion

3.1 Structure and morphology of CBD CdS
films depending on the post-deposition
annealing conditions

As a first step, we investigated the impact of temperature and
annealing ambient conditions on the structural properties of a CdS
single layer deposited onto glass substrates by XRD analysis. Figures
1A, B shows the XRD patterns of CdS films annealed at 200°C-400°C
in a vacuum and in air, for 30 min. The XRD patterns are compared
with standard data (ICDD: 01-089-0440 and 01-074-9665) (Graf
et al,, 2015). The diffractograms of CdS samples annealed in air at
200°C-400°C show 100, 101, 110, 103, and 004 diffraction peaks
corresponding to CdS crystal structure. However, the XRD pattern
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XRD pattern of (A) vacuum annealed and (B) air annealed CdS films, at 200°C-400°C temperatures for 30 min; displacement of dominant XRD peak

depending on the (C) vacuum and (D) air annealing conditions.

of 400°C annealed samples displayed a 200 peak corresponding to
the CdO phase (00-005-0640). The appearance of such a phase in the
XRD patterns indicates oxidation of the CdS layer. On the other
hand, the diffractogram of vacuum-annealed samples shows the
presence of CdS phase, without any secondary phases, regardless of
annealing temperature. To gain a deeper understanding of the
impact of the annealing conditions on structural changes in CBD
CdS layers, we further analyzed the XRD patterns (in Figures 1C, D)
in the 2- theta region of 26°-27" at higher resolution. In this 2-theta
region, the main 111 peak is located and has been attributed as
belonging to both cubic and hexagonal modifications in the
literature (Maticiuc et al, 2014; 2015). If we analyze the
evolution of the 111 XRD peak for vacuum and air-annealed
samples separately (Figures 1C, D) with the
temperature, it can be observed that there is a clear difference in

increase in
the peak shift behavior in both cases. In the case of the vacuum
annealed samples when the annealing was performed at 200°C there
is a large shift of 111 peak towards higher 2-theta values (~27°)
compared to the as-deposited CdS. As the annealing temperature
was increased from 200°C to 400°C, the 111 peak shifted
systematically towards lower 2-theta values and at 400°C
annealing vacuum annealing reached the 2-theta position close to
the as-deposited sample. In contrast, for the air-annealed samples, as
the annealing temperature increases, the 111 peak shifts towards
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higher 2-theta values compared to the as-deposited samples. At 300,
350, and 400°C annealing temperatures, the peak position shifts
close 020 peak corresponding to the CdSO, phase (ICDD: 00-014-
0352) indicating there might be the possibility for other secondary
phases at the higher air annealing temperature. However, in the
XRD pattern (Figure 1B) no other peaks related to CdSO, were
detected except the presence of CdO in 400°C air annealed CdS
layers. It should be noted that the shift of 111 peak position was
accompanied by the variation of the lattice parameter. (Figure 2A).
The lattice parameter decreases with the increase of both vacuum
and air annealing temperature.

The above observations related to the shift of the main XRD
peak (corresponding changes in the lattice parameter), and
appearance of oxide phases can be correlated considering the
following aspects. First, the appearance of the CdO phase at
higher annealing temperature (Figure 1B) has been observed
previously in (Maticiuc et al, 2015) and explained by the
decomposition of CdSO; which is usually formed in the CdS
lattice. when reacting with oxygen in the air (Kylner, 1999;
Maticiuc et al., 2014). The shifting of the main peak as a result
of vacuum annealing can be related to the decomposition of Cd
(OH), which naturally crystallized in the lattice during the
deposition process of the CdS film. The presence of Cd (OH),
in the CdS lattice is also the main reason for the variation of lattice
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FIGURE 3

Surface and cross-section SEM images of CdS films deposited on glass substrates: (A) as deposited, (B) annealed in vacuum at 200°C, (C) annealed in
air at 200°C, (D) annealed in vacuum at 400°C, (E) annealed in air at 400°C with an annealing duration of 30 min.

(correspondingly shift of the main XRD peak) between the
hexagonal and cubic structures. The increase in the annealing
temperature generates the dissociation of Cd (OH), into CdO and
water, and promotes the changes in the lattice parameters
(Figure 3A). The reduction of lattice constants in both air and
vacuum annealing conditions can be also explained due to
mobility of (OH), groups in the CdS lattice. A good indication
of this effect is the decreasing of crystallite size as the temperature
of vacuum and air annealing increased from 200°C to 400°C
(Figure 2A). Although such a trend in the crystallite size with
annealing temperature is an unexpected trend, the out-diffusion
of OH impurity has such impact on the CdS lattice as explained in
(Maticiuc et al.,, 2017). On the other hand, in the case of air-
annealed samples, the position of the main XRD peak at 27.15° is
very close to the 2-theta value of 020 diffraction peak position
corresponding to the CdSO, phase. The overall presence of
phase mixture in CdS can play important role in the
optoelectronic properties of CdS and related CdS/Sb,Se; solar
cell performance.

Frontiers in Energy Research

The morphology of as-deposited and annealed CdS films was
also investigated by SEM. Figure 3 shows the surface and cross-
section SEM images of CdS films deposited on glass substrates. As
deposited CdS layer (Figure 3A) has small grains with some particles
agglomerated in clusters. Vacuum annealing at 200°C did not change
the grain size and overall morphology of the layers (Figure 3B).
However, the same annealing temperature in the air leads to more
uniform grain size distribution (Figure 3C). While vacuum
annealing at 400°C lead to the similar morphology observed for
the 200°C air annealing (Figure 3D), the same annealing at 400°C in
the air lead to the more densely packed grains in the films
(Figure 3E). The latest observation indicates that 400°C air
annealing generates conditions for re-crystallization and sintering
of the CdS films.

Since the CdS is deposited on FTO for the solar cell fabrication,
the morphology of the CdS deposited on FTO substrates was also
analyzed (Figure 4). As can be seen in Figures 4A, B, both, as
deposited and 200°C vacuum annealed CdS films grown on FTO
exhibit similar morphology with CdS deposited on glass. In this case,
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FIGURE 4

Surface and cross-section SEM images of CdS films deposited on FTO/glass substrates: (A) as deposited, (B) annealed in vacuum at 200°C, (C)
annealed in air at 200°C, (D) annealed in vacuum at 400°C, (E) annealed in air at 400°C with an annealing duration of 30 min.

the porous layers comprising small grains and some grain
conglomerates cover uniformly the relatively large FTO grains.
Air annealing at 200°C and 400°C and as well as vacuum
annealing at 400°C lead to significant densification of the CdS
film (Figures 4C-E).

3.2 Impact of annealing conditions on CdS
optoelectronic properties

The above results on the changes of structural and
morphological properties of CdS films with annealing conditions
will impact the optoelectronic properties of these layers and
consequently will affect the solar cell performance. Thus, as a
further step, a detailed analysis of changes in the electrical
properties of the CdS layer depending on the annealing was
performed.

Table 1 shows the variation of electrical properties (carrier
concentration, mobility, and resistivity) of CdS films deposited
on a glass substrate after post-deposition air and vacuum
annealing at 200°C-400°C for 30 min. As deposited CdS films
showed n-type conductivity with 4.4x10"°cm™  carrier
concentration, 5 cm*/Vs. mobility, and 2.8 x 10* Q) cm resistivity.
All the films maintain the same conductivity type independent of the
annealing conditions. For both air and vacuum annealing
conditions, the variation of electrical parameters in Table 1 can
be divided into three distinct regions: i) 200°C-250°C annealing in
which the resistivity decreases from 4.2 to 2.6 () cm and from 3.2 to
0.2 Q cm while the electron concentration increases by one order
magnitude, from 10" to 10'® cm™ and 10" to 10" cm™ for air and
vacuum annealing, respectively; ii) 300°C annealing where resistivity
increases to 45 and 8.5Q cm while the electron concentration
decreases by one order of magnitude, from 10'® to 10”7 cm™ and
from 10" to 10" cm™ for air and vacuum annealing, respectively;
iii) 350°C-400°C annealing where the resistivity increases from 7.7 x
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10°to 4.2 x 10* QO cmand 4.6 x 10" to 1 x 10* 2 cm while the electron
density reduces drastically by three and seven orders of magnitude
for air and vacuum annealing, respectively. A similar trend in the
electron concentration with the variation of air annealing
temperature has been observed by Maticiuc et al. (Maticiuc et al.,
2014) and correlated with the mobility of the hydroxide group (OH)
in the CdS lattice. It has been proposed that the OH incorporated in
the lattice of CdS, acting as a shallow donor (Varley and Lordi,
2013). At low annealing temperatures (200°C), the OH groups are
quite unstable and decomposes by releasing water and generating
sulfur vacancies (V). It is well established that the sulfur vacancies
(Vg**) act as a donor defect and an increase in their concentration
can explain the abrupt increase in electron density. The high
annealing temperatures (350°C and 400°C) induces conditions for
excessive removal of OH from the CdS lattice, which results in the
reduction of electron density. Although such mechanism was
described for hydrogen and air-annealed CdS layers, it is also
valid for vacuum annealing in this study. In addition to this
mechanism, specifically for air annealing at 400°C, the presence
of CdO secondary phases (as detected from XRD in Figure 1B) in
CdS could be responsible for the significant drop in electron
concentration to ~10'cm™. The low values of mobilities at
200°C-300°C annealing temperature can be explained by the
scattering of carriers with ionized impurities in the lattice. At
higher air and vacuum annealing temperatures (350°C and
400°C) these impurities are removed from the lattice which leads
to higher values of mobility(Spalatu et al., 2019).

The band gap of CdS films deposited on glass substrates was
determined from a Tauc plot based on the UV—VIS measurements
and the effect of annealing temperature and conditions on the
bandgap values were analyzed thoroughly. As deposited CdS,
films exhibit a band gap value of ~2.42eV. As the annealing
temperature (200°C-400°C) in both air and vacuum increased a
clear trend of band gap decrease was observed (Figure 2B). While for
vacuum annealing this effect can be explained due to the
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TABLE 1 Electrical properties of CdS films annealed at different annealing temperatures in air and vacuum.

Annealing Air Vacuum
temperature (°C)
Carrier Mobility Resistivity Carrier Mobility Resistivity
concentration (ecm?/Vs) (Q cm) concentration (/cm?) (cm?/Vs) (Q cm)
(cm™)
No annealing 44 x 10" 5 2.8 x 10* 44 x 10" 5 2.8 x 10*
200 63 x 107 3.1 42 17 x 10% 12 32
250 3% 10 33 26 1.4 % 10 22 2% 107
300 21 x 107 0.7 45 x 10* 8.5 x 107 0.9 8.5
350 1.6 x 10" 6.1 7.7 x 10° 12 x 10" 1.0 46 x 10'
400 1.2 x 10" 12 42 x 10° 5% 10" 13 1x 10
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FIGURE 5

(A) XRD spectrum and (B) texture coefficient of Sb,Ses on CdS annealed in vacuum and air at 200°C and 400°C.

decomposition of Cd (OH), to CdO and water (Maticiuc et al.,
2014), in air annealing the presence of CdO (as detected by XRD)
narrows the band gap (Dakhel, 2010).

3.3 Structure and morphology of Sb,Sez
films deposited on annealed CdS layer

As a step towards the fabrication of a solar cell device, Sb,Se;
absorber films were deposited on a glass/FTO/CdS stack and the
impact of the CdS air and vacuum annealing on structure and
morphology of Sb,Se; films was analyzed.

Figures 5A, B shows the XRD patterns and texture coefficients of
Sb,Se; films grown on as-deposited, 200°C and 400°C air annealed, and
200, 400°C vacuum annealed CdS samples. Texture coeficients were
performed according to (Krautmann et al., 2021). Diffraction peaks at
28.2°, 31.1°, 32.2°, 45.1°, and 45.6" were detected and comparing the
patterns with standard data (JCPDS 15-0861) in both annealing
conditions, it belongs to 211, 221, 301, 151, and 002 planes of
orthorhombic Sb,Se; crystal structure (Krautmann et al, 2021). In
the Sb,Se; films deposited on air-annealed CdS films, the grains grow
predominantly along the (002) plane. The intensity of the (002) peak is
dominant over the others, especially being highlighted for Sb,Se; grown
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on 400°C air annealed CdS. Meanwhile, the Sb,Se; grown on the
vacuum annealed samples always exhibit 221 orientation. These results
indicate that the Sb,Se; tends to grow more vertically on the air-
annealed CdS film compared to the vacuum-annealed CdS samples.
Generally, there is no clear evidence for a preferential orientation in any
of the Sb,Se; samples. Although the intensity of 221 reflection is slightly
higher for the Sb,Se; absorber grown onto 400°C vacuum annealed
CdS, it can be concluded that the samples are randomly oriented.

One possible explanation for the 002 highlighted Sb,Se; grain
orientation deposited on 400°C air-annealed CdS might be related to
the more compact grain morphology of CdS. As shown by SEM
(Figure 3) these films with large sintered grains and higher surface
energy can provide different nucleation sites favorable for the
growth of Sb,Se; in this direction. At the same time, oxidation of
the layer (detection of CdO from XRD, Figure 1B) could also
contribute to this effect, however, there is no direct proof for this
hypothesis and specific investigation is required.

From a structural, optical, and morphological analysis of CdS, it
was found that higher temperature (300°C-400°C) vacuum annealed
CdS films have pin holes and lower band gap meanwhile in air
annealed CdS films presence of impurities like CdO was detected in
the film. Based on these findings a set of glass/FTO/CdS/Sb,Ses
heterostructures were analyzed by SEM. Figure 6 shows the surface
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FIGURE 6

SEM images of superstrate configuration glass/FTO/CdS/Sb,Ses stack with CSS Sb,Ses absorber layer deposited at 460°C: (A) top-and cross-
sectional view of absorber film deposited onto as deposited CdS, (B) top-and cross-sectional view of absorber deposited onto vacuum annealed CdS at
200°C and (C) top-and cross-sectional view onto air annealed CdS at 200°C.

and cross-section SEM images of CdS/Sb,Se; with as-deposited,
vacuum, and air annealed at 200°C CdS films. It can be seen that the
absorber grown on as-deposited CdS (Figure 6A) exhibit more
irregularly shaped grains with sharp edges and higher inner
porosity compared to the Sb,Se; films grown on annealed CdS.
The absorber deposited on 200°C vacuum annealed CdS has larger,
compact, and well-packed grains (Figure 6B). Air-annealed CdS at
200°C resulted in a similar well-packed absorber morphology with a
more homogeneous distribution of grain shape and size. It is
important to mention that the absorber deposited on both, 400°C
vacuum and air-annealed CdS, displays similar morphology as seen
in Figure 6C Overall the results of SEM analysis for the absorber are
in good correlation with the above SEM and XRD results of CdS
films. Thus, the reason for the higher inner porosity of the absorber
in Figure 6A is related to the high concentration of organic residues
in as-deposited CdS films. In this case, the subsequent CSS Sb,Se;
deposition process acts as an annealing process for the CdS films,
resulting in the out-diffusion of organic residues from the films and
making the absorber film porous and pinhole rich. On the other
hand, in the annealed CdS films these residues are already removed
from the CdS leading to more stable films which help the absorber to
grow in a more pinhole-free compact manner.

3.4 Impact of the CdS annealing on the
device performance

The solar cells were fabricated following the superstrate
configuration of glass/FTO/CdS/Sb,Se;/Au and the impact of the
CdS annealing conditions on the PV parameters was analyzed. The
PV parameters of the devices were extracted from the J-V curve
measurements (Figure 8A representative curves under illumination)
and the average values are presented in Figure 7. The analysis shows
that the solar cells with as-deposited CdS exhibit the lowest PCE,
whereas the devices with 200°C vacuum and air-annealed CdS buffer
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layer, there is a clear improvement in all the PV parameters (Voc,
Jsc» FF, and PCE). Nevertheless, all the PV parameters decreased for
the cells with CdS annealed in both, vacuum and air at T > 250°C. So
far, comparing the performance of all the devices in Figure 7, it is
clear that annealing of CdS at 200°C in both vacuum and air resulted
in the best solar cells PCE, with the top performance of 2.8% (Vo of
350 mV, Jsc of 18.3 mA/cm?® and fill factor of 43%) achieved for the
cells processed with 200°C air annealed CdS (Table 2). The same best
cell shows the highest EQE response in the short-wavelength region,
300-700 nm (Figure 8B). In caparison with the best cell, the EQE
response in the 300-700 nm region is significantly reduced for the
devices with as-deposited and 200°C vacuum annealed CdS. The
reduced EQE response in the short-wavelength region has been
previously observed for Sb,Se;/CdS (Phillips et al., 2019; Spalatu
etal., 2021) and for CdTe/CdS devices (Potlog et al., 2012; Maticiuc
et al, 2015; Spalatu et al., 2015) and explained by intermixing
between CdS and Sb,Se; (or CdTe) absorbers with the formation
of CdS; Se, (or CdTe; ,S,) solid alloy at the main interface. In the
case of Sb,Se; devices with as-deposited and 200°C vacuum annealed
CdS this intermixing seems to be very pronounced resulting in low
EQE response at 300-700 nm region. For the device with as-
deposited CdS, this effect can be related to the morphology of
CdS film, containing small grains (Figures 3A, 4A) with high
surface energy, which are active for interdiffusion by mass
transport through the gas phase, and resulting in a high degree
of alloy formation at the interface during Sb,Se; absorber deposition
at 450°C. In addition to this effect, the presence of organic residuals
(Graf et al., 2015; Maticiuc et al., 2015; Koltsov et al., 2022) and the
presence of large segregates on the surface of as-deposited CdS can
significantly alter the formation of the heterojunction interface
resulting in reduced EQE and modest PCE of the corresponding
solar cell (Figures 8A, B). On another hand, for the device with 200°C
vacuum annealed CdS the improved EQE response (Figure 8B) and
PCE (Figure 8A) (compared with as-deposited CdS-based cells)
indicate the formation of better CdS-Sb,Se; interface which can be
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temperatures in the range of 240°C-400°C.

connected with the removal of the organic residuals from CdS as a
result of vacuum annealing, leading to better absorber morphology
and better-quality interface. Finally, 200°C air annealing of CdS films
resulted in the best EQE response and maximum device
performance implying that intermixing in the corresponding cell
has the lowest extent. For the same best device, the energy-band
diagram with the band alignment was drawn (Figure 8E) based on
photoelectron emission spectroscopy. The ionization potential (1)
of the Sb,Se; and CdS layers was determined through the
extrapolation of the
photoemission to 0 eV. An example of fitting for the absorber is
presented in Figure 8C, obtaining an I, value of 5.42 + 0.02 eV, in
good correlation with the values reported in the literature (Hobson
et al,, 2020). Further analysis of the band diagram shows that the
conduction band minima of CdS lie above the conduction band
minima of Sb,Ses, forming a spike-like band offset (~0.2 eV) at the
main interface. This spike-like band offset could act as a potential

linear fit from valence band edge

barrier for the electron flow which reduces the Jsc of the device
(Shiel et al., 2020). Furthermore, the linear extrapolation fit to 0 K in
the Voc-T plot provides an activation energy of 0.98 + 0.01 eV
(Figure 8D), which is lower than the band gap of the absorber
(~1.2 eV). This implies that the rate of the recombination processes
at the main interface is high, which reduces the PV parameters of the
solar cell device. There are several recent reports in which the
recombination of the carriers was suppressed by different
techniques such as the introduction of AI’* cations in the CdS
buffer layer (Luo et al., 2023), heterojunction annealing (Tang et al.,
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2022), and effective antimony selenide crystal engineering (Tang
et al., 2022).

So far the best PCE of 2.8% in this study was obtained for the device
processed with CdS annealed at 200°C. The obtained result is significant
from one side, considering a 60% boost in PCE compared to the cell
fabricated with as-deposited CdS (1.8%). With this achievement, we also
demonstrated that annealing in air at a relatively low temperature can
be a suitable PDT to improve the properties of CdS films and the
efficiency of the related device. On another side, putting in the context
of other reports, these results could provide some more debates as
several reports on similar device configurations suggested that an
annealing step at temperatures >400°C and in the presence of air
and CdCl, treatment is a requirement for CdS to achieve PCE between
5%-7% (Wang et al., 2015; Li et al., 2018; Azam et al,, 2022; Cai et al.,
2022). Application of high air annealing temperature (400°C) in this
study and attempts to perform post-deposition CdCl, treatment of CdS
films in our previous investigation (Spalatu et al., 2021) show that the
oxide phases (and oxy-chloride residuals) which inevitably are formed
at the surface CdS have a detrimental impact on the formation of good
quality heterojunction interface and can significantly decrease the
device performance. In addition, most of the studies that report a
reasonable 5%-7% PCE for CdS/Sb,Se; devices use thermal
evaporation (TE) for deposition of the Sb,Se; absorber (Liu et al.,
2014; Kumar et al., 2019). Better control of the intermixing between CdS
and Sb,Se; may lead to better interfaces and higher PCE cells.
Compared to TE, CSS employed in this study, clearly provide the
advantage of the rapid process and high-quality absorber, however, the
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TABLE 2 Photovoltaic parameters of the best performing CdS/Sb,Se; solar cells with as-deposited, vacuum and air annealed at 200°C, CdS films.

CdS annealing condition Photovoltaic parameters
Jsc (mA/cm?) FF (%)
1 As deposited 230 13.7 39 1.2
2 Vacuum 200°C 260 164 44 1.8
3 Air 200°C 350 183 43 2.8
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FIGURE 8
(A) J-V characteristics and (B) EQE of CdS/Sb,Ses solar cells with as deposited, air and vacuum annealed CdS at 200°C, (C) lonization potential of
Sb,Ses (D) activation energy calculated from Voc—T plot, (E) band alignment of FTO/CdS/Sb,Ses/Au solar cell structure.

peculiarity of CSS with very close proximity between substrate and  sintered dense grains, decreased the band gap from 2.43 to 2.35 eV and
source (which implies high supersaturation of the vapor stream close to  dropped the electron density from ~10'® to ~10" cm™. The changes in
the substrate) can be a limitation for some device configuration which  the properties of annealed CdS films were explained via the mechanism
involve high reactivity of the underlayer components such as CdS. A of the OH group in the lattice as well as the presence of secondary phases.
prospective approach to overcome this challenge could be the  The annealing conditions of CdS layers significantly impact the
implementation of various interfacial nanoscale layers such as TiO,  structural and morphological properties of the Sb,Se; absorber.
(the feasibility of CSS being well proven for Sb,Se;/TiO, device ~ While the Sb,Se; absorber grown on as-deposited CdS exhibited
configuration), which from one side, would imply more efforts for  irregularly shaped grains with sharp edges and higher inner porosity,
the interface engineering, and from a wider perspective, identification of  the absorber layers deposited on 200°C and 400°C vacuum annealed CdS
other alternative partner layers with suitable band offsets for the  have larger, compact, and well-packed grains. XRD analysis showed that
emerging Sb,Se; device. Sb,Se; tends to grow more vertically on the air-annealed CdS film
compared to the vacuum-annealed CdS samples. 200°C air annealing of
CdS was found as an optimal treatment resulting in 2.8% Sb,Se/CdS cell
4 Conclusion PCE—a 60% boost compared to the 1.8% performance of the device
with as deposited CdS. The performance of the CdS/Sb,Se; solar cells has
In this study, we investigated the influence of air and vacuum  reduced as the annealing temperature increase in both, air and vacuum
annealing on the properties of CBD-deposited CdS films and find out the  conditions. The presence of oxide phases in CdS annealed in air at 400°C
impact of these annealing conditions on the performance of CdS/Sb,Se;  is detrimental to the device’s performance. In addition, the extent of
solar cells. It was found that the increase of the annealing temperature  intermixing phenomenon between the CdS buffer layer and CSS Sb,Se;
from 200 to 400°C in both, vacuum and air ambient, changed the  absorber as well as intense carrier recombination at the main interface
morphology of CdS from highly dispersed small grain structure to  are the strong limiting factors for the PCE of CdS/Sb,Se; solar cells.
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ARTICLE INFO ABSTRACT

Keywords:

Vapor transport deposition

CdS chlorine assisted optimization
Secondary ion mass spectroscopy
Sb2Se3 thin film solar cell

The current strategies in the development of SbySes thin film solar cells involve fabrication and optimization of
superstrate and substrate device architectures, with the preferable choice for TiO, and CdS heterojunction layers.
For CdS-based superstrate cells, several studies reported the necessity to apply CdCl; or other metal halide-based
post-deposition treatment (PDT), highlighting improvement of CdS/Sb,Ses device efficiency. However, the need,
effect, and mechanism of such PDT are very often not described. Additionally, the fact that many groups have not
succeeded in demonstrating its benefits suggests that this strategy is not straightforward, requiring a deeper
understanding towards a more unified concept. The present study proposes an alternative approach to the
challenging CdCly PDT of CdS in CdS/SbySes device, involving controllable Cl incorporation in CdS films by
systematically varying the concentration of NH4Cl in the CBD precursor solution from 1 to 8 mM. Structural and
electrical characterizations are correlated with advanced measurements of Scanning Kelvin Probe, surface
photovoltage, and atomic force microscopy to understand the impact of Cl incorporation on the properties of CdS
films and CdS/SbySes devices. The validity of Cl incorporation in the CdS lattice and interdiffusion processes at
the CdS-SbySes interface is confirmed by secondary ion mass spectrometry analysis. It is demonstrated that
incorporation of 1 mM of NH4Cl, as a Cl source in CBD CdS, can boost the PCE of CdS/SbySes by ~20 %. With this
approach, we offer new perspectives on the optimization methodology for Cl-based CdS/Sb,Ses device pro-
cessing and complementary understanding of the physiochemistry behind these processes.

1. Introduction be readily mitigated. This makes the material easy to deposit as thin

films using different techniques such as radio frequency sputtering (RF)

Antimony selenide (SbaSes) - based thin film photovoltaics have
gained a lot of interest due to its huge potential for the development of
eco-friendly solar cells. This material boasts a range of appealing char-
acteristics, including its non-toxicity, abundance, and cost-effectiveness.
Additionally, it exhibits a favourable band gap (1.1-1.3 eV)[1,2] and a
high absorption coefficient (>10% cm™! in the visible part of the spec-
trum)[3], positioning SbySes as a top contender among emerging thin
film absorber materials. Given that Sb,Ses is a binary compound with a
single-phase structure, the potential for secondary phase formation,
which was observed in quaternary compounds like copper indium gal-
lium selenide (CIGS)[4] or copper zinc tin sulfide (CZTS)[5,6], can now

* Corresponding authors.

[7,8], thermal evaporation (TE)[9], close-spaced sublimation (CSS)[10,
11], and vapour transport deposition (VTD)[12]. Among these deposi-
tion techniques, VID provides clear advantages with increased
controllability of the deposition conditions and a very high deposition
rate at high temperatures resulting in a columnar structure, an essential
feature for charge transport in devices [13] with power conversion ef-
ficiency (PCE) up to 7.6 % in superstrate configuration using VTD
method [14].

Over the past decades, there has been a growing interest in SboSes
solar cell research, leading to notable improvements in their efficiency.
Fig. 1a illustrates the advancements in SbySes solar cell efficiencies over
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the years, utilizing different buffer layers such as CdS, CdCly-treated
CdS, and TiO,. The corresponding highest reported efficiencies are
10.1 %, 8.4 %, and 7.6 %, respectively. This data indicates that highly
efficient SbySes solar cells have been achieved with both untreated and
CdCly-treated CdS buffer layers. From 2009-2024, there have been
approximately 59 publications focusing on the use of CdS alone and 26
publications utilizing CdCl,-treated CdS buffer layers in SbySes solar
cells (Fig. 1b). These publications specifically include those that have
completed the solar cell fabrication and reported their efficiencies. It is
important to note that numerous other publications concentrate solely
on the material aspects of the research and are excluded from this
database. This comprehensive analysis highlights the significant prog-
ress made in SbySes solar cell research and underscores the ongoing
efforts to optimize buffer layers for enhanced device performance.
Among various explored heterojunction partner/buffer layers such
as TiOy [15,16], ZTO [17], ZnO [18], and SnO, [19] many research
groups set the choice for CdS in developing SbaSes solar cells. This is
often justified by its easy deposition through the well-established
chemical bath deposition (CBD) method, suitable band gap of
~2.5eV, n-type conductivity, and optimum band alignment with
SbySes[11]. Z. Duan et al. [20] and X. Wen et al. [14] reported PCE’s as
high as 10.1 % and 7.6 % using substrate and superstrate configurations
employing CdS as the buffer layer. It is worth mentioning that these
remarkable PCE results were achieved using CBD-deposited CdS films,
without the employment of additional post-deposition treatments
(PDTs). However, many studies reported the necessity of PDTs, espe-
cially the need for CdCl, treatment in air at temperatures > 400 °C for
5-10 min [21]. Such a PDT is very often reported by many groups as a
key step for achieving reasonable PCE for superstrate configuration
CdS/Sb,S3 thin film devices. Nevertheless, the provided mechanisms
behind this PTD step are often ambiguous and mainly justified as a taken
standardized step — transferred from CdTe thin film technology [21,22].
Independent of the employed PDTs strategy for CdS, several studies
raised the concerns about intermixing phenomenon, occurring at the
CdS-SbaSes interface and being identified as one major limitation for the
PCE of the CdS/Sb,Ses device configuration [10]. It has been shown that
this intermixing, primarily driven by the diffusion of Cd to SbySes or Se
to CdS, leads to the formation of CdSe at the interface [23]. The role of
CdSe at the interface remains contentious, with contradictory reports
suggesting its beneficial effect on carrier transport or detrimental impact
— as the formation of a barrier at the main heterojunction interface [14,
15]. In this context, the role of CdCl; PDT in the presence of air ambient
conditions has been also justified as a necessary step to control the
extent of the intermixing effect at the interface [24]. In particular, the
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beneficial effect of oxygen during the PDT (without CdCly) has been
proven, even at moderate annealing temperatures of 200 °C, by
improving the stability of CBD CdS and thus, preventing the formation of
excessive intermixing at absorber-buffer interface [25]. The impact of
various metal halide-based PDTs (such as CdCl, and AlCl3) on the
properties of CdS and CdS/Sb,Ses thin film solar cells properties has
been investigated, aiming the control and optimization of both, inter-
mixing as well as passivation of interface defects [21,26,27].

However, there is no consensus yet in the community on the bene-
ficial or detrimental effects of these metal halide-based PDTs and if this
processing step should be employed as a PDT or as a controllable chlo-
rine incorporation at the stage of CBD CdS deposition followed by
annealing in various environmental conditions. Related to chlorine
incorporation into the CdS lattice, it is well established that this impurity
acts as a n-type shallow dopant and depending on its concentration, can
significantly impact the electron concentration in the n-type CdS
deposited by any physical or chemical methods [28]. The validity of
chlorine as an n-type dopant in SbaSes was also confirmed by the syn-
thesis of intrinsic SbySes crystals from metallic precursors and subse-
quent deliberate n-type doping by the addition of MgCly [29]. It has
been also reported that during the intermixing between CdS and Sb,Ses,
Cd diffusion can convert p-type SbySes into n-type by introducing a
donor defect [30].

On one hand, all these results suggest that the extent of intermixing
(alloy formation at the CdS-Sb,Ses interface) and diffusivity of Cl or Cd
depends on the employed deposition techniques and processing tem-
peratures of both, CdS and SbySes films in the thin film solar stack. On
the other hand, it is suggested that metal halide-based PDTs have an
important role in the intermixing/alloy formation at the interface and
hence, in the formation of the n-n isotype or n-p type heterojunction at
CdS-Sb,Ses interface. The latter phenomenon will significantly impact
the recombination processes at this interface and consequently, affect
the PV parameters and final PCE of the device. Based on the literature
analysis, it can be also depicted that there is no unified answer yet on
whether the metal halide-based PDTs (in air at >400 °C) and/or chlo-
rine doping of CdS are needed and effective for the CdS-Sb,ySes interface
and PCE of the final device. Although such a statement might raise
tumultuous debates, it is based on the following justifications: (i) Ac-
cording to Fig. 1b a significant number of studies do not report either
successful or unsuccessful results of CdCl, PDT (or any other metal
halide-based PDT) on the CdS properties and PCE of CdS/Sb,Ss devices;
this finding is valid, independent of the employed superstrate or sub-
strate CdS-based SbySes cell configuration. (ii) On the other hand, a
several studies report findings on the suitability and beneficial effect of

I 2020-2024
I 2015-2020
[ 2010-2015
I 2005-2010

CdS/Sb,Se,
Buffer/absorber

CdS-CdCl,/Sb,Se,

Fig. 1. Evolution of SbySe; solar cell efficiency with CdS, CdCl,-CdS and TiO, buffer layers and b) the corresponding number of publications.
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CdCly-treated CdS on the PCE of SbySes solar cells.

At the same time, the developed knowledge on CdCl, PDT of CdS in
CdTe demonstrated that this processing step promotes strong recrys-
tallization (especially for CBD-deposited CdS) and improves the chem-
ical stability of CdS towards the formation of suitable CdS;yTey and
CdTe; <S¢ alloy formation[31,32]. In one of our recent studies, we
showed that standard CdCl, PDT of CBD CdS in the air at 400 °C is not a
suitable approach for boosting the PCE of CdS/SbySes solar cells [10].
Therein close spaced sublimation was employed for the deposition of
SbySes onto CBD CdS/FTO/glass and a very pronounced intermixing
effect at the CdS-SbySes interface has been observed, limiting the final
PCE of the device. Based on these cumulative results and considering the
available knowledge on PDT CdCl, in CdTe, the transferability of the
CdCly processing step in air at 400°C to CdS (and consequently to the
CdS-SbaSes interface) is highly debatable and necessitates further sys-
tematic investigation and comprehensive understanding.

In this context, the present study proposes an alternative approach to
the challenging CdCly treatment of CdS in CdS/SbaSes superstrate
configuration cells. This approach involves incorporating Cl in a
controllable manner into the CdS films by systematically varying the
concentrations of NH4Cl in the CBD precursor solution from 1 to 8 mM.
Based on this precursor, a large series of CdS thin films were deposited
onto both glass and glass/FTO substrates, and the impact of Cl incor-
poration on the properties of CdS films and CdS/SbySes was investi-
gated. The incorporation of 1 mM of NH4Cl, as a controllable chlorine
source in CBD CdS, demonstrates a boost in the final PCE of CdS/SbsSes
by ~20 %. Routine structural and electrical characterization techniques
are correlated with advanced measurements of Scanning Kelvin Probe,
surface photovoltage, and atomic force microscopy to demonstrate and
understand the impact of Cl incorporation on the properties of both CdS
films and CdS/SbySes solar cells. We reveal that NH4Cl introduced
during the deposition does not change the CdS films structurally or
morphologically but affects the film’s electrical properties and energy
levels resulting in a noticeable improvement in the solar cell perfor-
mance. The validity of Cl incorporation into the CdS lattice and inter-
diffusion processes at the CdS-SbySes interface is confirmed by
comprehensive secondary ion mass spectrometry depth profiles analysis
of the CdS/SbaSes heterostructure. Based on these systematic measure-
ments, we provide a comprehensive discussion and analysis of the
physicochemical processes responsible for the changes in the properties
of CdS and CdS/SbaSes solar cells, contributing with complementary
knowledge on potential adjustments to methodologies for further
development and optimization of emerging Sb,Ses-based thin film solar
cells.

2. Experimental
2.1. Deposition of the CdS layer

CdS films were deposited on Flourine doped tin oxide (FTO) coated
glass substrates (18 x18 mm?) by CBD. The substrates were cleaned
using the standard procedure explained in the previously published
article [25]. The deposition was carried out in a closed jar containing
CdSO4 (1 mM), (NH4)2S04 (0.7 M), NH4CI (0, 1, 2, 4 and 8 mM), NH4OH
(30 mM), and thiourea (10 mM) dissolved in de-ionized (DI) water at
79°C and stirred at 500 rpm. The chlorine content in the precursor was
changed by the addition of different concentrations of NH4Cl during the
deposition. The deposition duration was optimized to be 10 min to get a
100 nm thick CdS layer. After deposition, the films were ultrasonicated
in distilled water with a few drops of triethanolamine followed by
washing again in distilled water and dried with a hot(100-150 °C) air
gun. The prepared CdS samples were kept in a vacuum chamber and
only taken outside for characterizations and deposition of SbySes by
VTD.
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2.2. Fabrication of CdS/SbsSes solar cells

SbySes films were deposited on the glass/FTO/CdS substrates with
different chlorine concentrations by VTD using a three-zone tubular
furnace (Carbolite). SbySes granules of 5 N purity (Sigma Aldrich) were
used as source materials. Initially, the quartz tube was evacuated using a
combination of rotary and turbomolecular pumps (Pfeiffer vacuum)
down to 10~° mbar. The substrate-to-source distance was kept at 10 cm.
The temperature of the source and substrate were ramped at 20 °C/min
until it reached 500°C and 400°C, respectively. This temperature was
kept for 5 min to obtain the desired thickness of 1 pm. After deposition,
the furnace lid was opened, exposing the quartz tube to the ambient air.
The vacuum pump was promptly shifted from turbo to rotary reducing
the vacuum level to 1072 mbar to stop the deposition of SbySes films.
The superstrate configuration solar cells with glass/FTO/CdS/Sb,Ses/
Au structure were completed by deposition of Au using thermal evap-
oration. Indium pads are used on top of the Au films during the device
measurements.

2.3. Material and device characterizations

Structural properties of the CdS films and Sb,Ses films were analyzed
from X-ray diffraction (XRD) data measured by Rigaku Ultima IV using
monochromator Cu Ka radiation (A = 1.54 A, 40 kV, 40 mA) equipped
with D/teX silicon line detector in the 20 (Bragg-Bento) regime using
20 step of 0.04°, a counting time 2-10 s/step with sample rotation. The
XRD patterns are then compared with JCPDS 01-074-9665 (CdS) and
015-0861 (SbySes). The electrical properties (resistivity and carrier
concentration) of CdS films were carried out at room temperature by
Hall and Van der Paw controller H-50. The band gap of CdS films was
calculated from UV vis spectroscopy (Jasco V-670 in 200-2500 nm)
using a Tauc plot.

The contact potential difference (CPD) in the dark and under illu-
mination of CdS and Sb,Ses films was measured by a Scanning Kelvin
Probe (SKP) system from KP Technology. The CPD data were recalcu-
lated to the work function values using the equation:

WEampie = (CPDsampic = CPDyg) X 107° + WEps (€8]

As the WF reference (WFy), the Au reference sample from KP
Technology was used. SKP measurements were done in a glove box using
a grounded steel probe tip of 2 mm diameter. The CPD was measured in
the dark-light-dark-light-dark cycle by switching solar simulator illu-
mination (AM1.5 G filter, class AAA solar simulator HAL-C100, Asahi
Spectra, Japan). CPD was measured as a function of time for
13.75 minutes (1250 data points). Multiple locations were tested on
each sample. The surface photovoltage (SPV) was determined as the
difference between WFijgh and WFgark. The second part of the SKP
experiment was the mapping of WF across the scanned area of 4.89 x
4.89 mm? using a matrix of 12 x 12 points (hence 0.4075 mm per
point). WF mapping was also performed in the dark and under the solar
simulator illumination.

Topography of the CdS and CdS/SbsSes films was measured by
atomic force microscopy (AFM) using a NT-MDT Ntegra Prima instru-
ment. Several Pt/Ir coated cantilevers with a resonance frequency of 75
KHz were used. The amplitude of the oscillation was 30 nm, with a
setpoint of 65 %. The scan sizes were 1 x 1 and 2.5 x 2.5 um? with scan
speeds of 0.1 and 0.05 Hz respectively.

The surface morphology of the films was obtained using a scanning
electron microscope (SEM) Zeiss EVO 10. The SEM images were ac-
quired at 10 kV, magnification of 20 kX and working distance (WD) of
7.55 mm in the regime of secondary electrons (SE) using an off-beam
detector.

The X-ray photoelectron spectroscopy (XPS) measurements were
done using a Thermo Fisher ESCALAB Xi XPS/UPS system equipped with
Al Ko radiation (hv = 1486.6 eV) X-ray source.
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Elemental depth profiling was acquired via secondary ion mass
spectroscopy (SIMS). Positive and negative ion profiles were recorded
using a hidden analytical IG20 gas ion gun and EQS1000 quadrupole
detector. Samples were bombarded with Ar" ions (5 keV and 200 nA on
the sample surface) and the beam was rastered over an area of 500 x
500 mm?. A data gating of 10 % was applied for the analysis.

The superstate configuration solar cell performance was analyzed
from the JV curve (AUTOLAB PGSTAT 30 and Oriel class A solar
simulator 91159 A (100 mW/cm?, AM1.5 G). The external quantum
efficiency measurements were also carried out on the solar cells in the
300-1000 nm wavelength range using a light source (Newport 300 W
Xenon lamp 69911), monochromator (Newport Cornerstone 260), and
Si-calibrated detector (Merlin).

3. Results and discussions

As stated in the introduction part, in one of our recent studies, we
showed that standard CdCl, PDT of CBD CdS in air at 400 °C is not a
suitable approach for boosting the PCE of CdS/SbySes solar cells[10].
Therein, close-spaced sublimation (CSS) was employed for the deposi-
tion of SbySes onto glass/FTO/CBD - CdS and a very pronounced
intermixing effect at the CdS-SbaSes interface has been observed,
limiting the final PCE of the device. At the same time, this might be the
limitation of CSS technique in which a very close proximity between
substrate and source (~10 mm) graphite blocks implies a very high
supersaturated vapour phase near the samples. This effect combined
with a high deposition rate (~0.5 um/min) promotes conditions for a
high chemical reactivity between CdS and SbySes and the formation of
unfavourable alloy at the CdS-Sb,Ses interface. This phenomenon ap-
pears to be less prominent when SbySes is deposited onto CdS using
thermal vacuum evaporation and VTD techniques [33]. However, even
for these techniques the effectiveness of CdCl, PDT of CdS buffer layer,
in the air at 400 °C is still debatable. In this sense, we initially performed
a series of experiments in which the CdCl, PDT in air at 400 °C was
applied to CBD CdS followed by deposition of SbaSes absorber by VTD.
The impact of CdCl, PDT annealing duration on the solar cell perfor-
mance is shown in fig S1 supplementary material. The results show that
the longer the annealing time, the lower the solar cell performance.
Independent of the annealing time the PCE is always lower compared to
reference cell — without CdCl, treatment of CdS. We also investigated the
impact of CdCl, PDT annealing temperature on the CdS/SbsSes solar
cells performance. The results are depicted in fig. S2 of supplementary
material and it shows that regardless of the annealing temperature the
PCE of the cells does not improve and the devices processed without
CdCl, PDT of CdS still exhibit the highest PCE. Based on these results, we
come with an alternative approach, proposing to incorporate chlorine in
a controllable manner into the CdS films by systematically varying the
concentrations of NH4Cl in the CBD precursor solution from 1 to 8 mM.
In this sense, we first analysed the impact of such processing approach
on the properties of CdS films as described in Section 3.1 below.

3.1. Structural and morphological properties of CBD CdS films processed
with different chlorine concentrations

To assess the influence of the incorporation of NH4CI on the struc-
tural and morphological properties of CBD-deposited CdS films XRD,
SEM, and AFM analysis were carried out on CdS films with 0, 1, 2, 4, and
8 mM NH4CI concentrations. Fig. 1(a-e) shows the surface SEM images
of the various CdsS films. All films exhibited uniform and densely packed
grains without any cracks and no significant changes in the CdS film
morphology. There are reports on the modification of the morphology of
CdS films due to doping of CdS with Cl- [28] as well as Ag ions [34] but
here, since the concentration of the NH4CI is rather small, a stable
morphology was obtained for all the films.

The structural properties of the CdS films with different NH4Cl
concentrations were analyzed using XRD patterns, compared with
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standard pdf card 01-074-9665 [35] (Fig. 1f). The films exhibit hex-
agonal structure with distinct diffraction peaks at 25.2°, 26.8°, 28.5°,
and 44.3° angles corresponding to the reflections from (100), (002),
(101), and (110) planes, respectively. No discernible peaks associated
with chlorine compounds, such as CdCly, were observed in the X-ray
diffraction (XRD) pattern. This observation aligns with findings reported
by Sivaraman et al. [36], who investigated the doping of chlorine into
CdS and developed films via a spray coating method. Despite the lower
chlorine concentration employed in our study compared to theirs, a
similar trend was evident.

To investigate the effect of the NH4Cl on the structural properties, the
main (002) peak was separately analyzed (Fig. 2g). The films prepared
with 0, 1, 2, and 4 mM NH4Cl in the precursor had (002) peaks at nearly
identical angles. In contrast, the CdS films with 8 mM NH4Cl had a de-
viation to the lower 20 angle compared to that of 4 mM NH,4Cl CdS. In
addition an interesting effect has been observed in which the (002) XRD
peak is shifted towards higher 26 value as the NH4Cl concentration
increases from O to 4 mM. This effect has been observed previously in
CdS films annealed in various ambient conditions [25] and can be
explained by the presence of disorders in the lattice caused by incor-
poration of both Hydroxide group (OH) and chlorine into the CdS lattice
during the deposition process. The displacement of (002) peak indicates
that the chlorine was incorporated into the CdS lattice.

Fig. S3 (supplementary material) shows the AFM image of CdS
deposited with 1 mM NH,4Cl in the precursor. Like the SEM images, the
film has very uniform and well-packed grains.

3.2. Opto-electronic properties of CdS films processed with different
chlorine concentrations

The bandgap of the CdS films deposited on the glass/FTO substrate
with different NH4Cl concentrations was calculated from Tauc plots
based on UV-Vis measurements (Fig. 3a). The results reveal that there is
a subtle decrease in the bandgap from 2.47 eV to 2.45 eV with the
introduction of NH4Cl and the concentration increases from 0 to 1 mM.

The band gap remains almost constant with the increase in the NH4Cl
concentration with slight changes of 0.1 eV. It is essential to emphasize
that the observed changes in the bandgap were relatively small
compared to the previous works involving high CI" doping levels.

The electrical properties (carrier concentration and resistivity) of the
CdS films were obtained from hall measurements and the changes in
these properties with an increase in NH4Cl were investigated (Fig. 2b).
All the films exhibit resistivity at the order of 10* Q cm which was also
reported by Hiie et al. [37]. Intriguingly, the resistivity of the CdS films
had a pronounced surge from 3.6 x10% to 8.3 x10* Q cm upon the
introduction of 1 mM NH4Cl in the bath. But then the resistivity sharply
reduced to 3.3 x10* Q cm when 2 mM NH4Cl was used. After this, as the
NH4Cl concentration increases to 4 and 8 mM there is only a small step
increase in the resistivity (3.3 %x10% to 5.0 x10* @ cm). The sharp
decrease in the resistivity from 1 mM to 2 mM NH4Cl might be due to the
introduction of CI” ions into the CdS structure (not detected in XRD
pattern (Fig. 2 f)), similarly, this can be also attributed to the sulfur
deficiencies [38]. The incorporation of the added Cl atoms to the un-
occupied sulfur vacancies increases the carriers which results in the
decrease in resistivity.

Meanwhile, the carrier concentration of the CdS films has large
variations corresponding to the change in NH4Cl concentration. The
maximum carrier concentration of 1.3 x10'* /em® was achieved for the
films with 2 mM NH4CL. As the NH,4Cl concentration increases to 4 mM
the carrier concentration remains almost similar but as the NH4CI con-
centration doubles to 8 mM the carrier concentration drops two orders
of magnitude to 8.4 x10'? /em®>. The CdS films with 2 mM NH4CI have a
maximum carrier concentration (1.318 x 10'* /em®) and the lowest
resistivity (3.35 Q c¢m) in the same way the CdS films 1 mM NH4Cl have
a maximum resistivity (8.37 Q cm) and the lowest carrier concentration
(3.4 x10* /em®). These significant changes in the electrical properties
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Fig. 2. (a-e) Surface SEM images of CdS films prepared with 0, 1, 2, 4, and 8 mM NH,4Cl in the CBD precursor, (f) XRD pattern of CdS with different NH4Cl con-
centration, (g) Variation of (002) peak of CdS films with different NH4Cl concentration.
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Fig. 3. (a) Tauc plots, showing the variation in bandgap of CdS films processed with 0-8 mM NH,4CI concentration (b) electrical properties (carrier concentration and

resistivity) of CdS films with different NH4Cl concentration.

are good evidence of the incorporation of Cl into the CdS lattice. The
more detailed explanation of the mechanism of chlorine incorporation
on the electrical as well as on the device performance is explained in the
later part of this paper.

As a step forward to better understand the energy levels of CdS films
and the changes due to the introduction of NH4Cl into it, the WF of the
CdS films was measured in the dark-light-dark-light-dark cycle and the
WF mapping was done in the dark and under the light across the 4.89 x
4.89 mm? area. Fig. 4(a, b, c, d, e) shows the WF maps of the CdS with 0,
1, 2, 4, and 8 mM NH4Cl in the dark and Fig. 4(f, g, h, i, j) W.F. maps of
same samples in order measured under the light. Fig. 4k shows the
variation of WF and SPV with the change of NH4Cl concentration, where
WF is calculated as the average value from WF maps, and SPV is

calculated from time-resolved measurements (Fig. S4 in the Supple-
mentary material).

In Fig. 4a, WF for CdS with 0 mM NH4CI fluctuated between 4.42 and
4.55 eV in the dark, while WF decreased by ~ 0.10 eV under illumina-
tion and fluctuated between 4.32 and 4.42 eV (Fig. 3f). A decrease in WF
under light means positive photovoltage, thus generating holes on the
surface. With the addition of 1 mM NH4Cl, WF increased by 0.15 eV and
fluctuated in the range of 4.50-4.60 eV (Fig. 4b). The WF values
decreased under illumination and generated positive photovoltage
(Fig. 3g). Furthermore, the surface charge is more homogenous
compared to other samples. The sample CdS with 2 mM NH4Cl WF range
is 4.42-4.45 eV (Fig. 3c). Charge fluctuations can be partially influenced
by sample morphology. Fig. 3d shows the WF map for CdS with 4 mM
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NH4CI, where fluctuations of WF are in the similar range 4.42-4.45 eV
as for CdS with 2 mM NH4Cl. WF decreased under illumination for
0.15 eV, generating again positive SPV. The sample CdS with 8 mM
NH4CI shows WF fluctuations between 4.46 and 4.56 eV (Fig. 3e). WF
decreased under light by 0.20 eV to the range of 4.32-4.36 eV. In the
overall trend we can see that the work function peaks at 4.63 eV when
1 mM NH4CI is introduced (increase by 0.12 eV). For higher NH4Cl
concentrations the values are similar, with small changes within
0.02 eV. The spatial distribution of work function across the sample
surface is similar and uniform among the CdS films measured in the dark
and under illumination, except for the CdS with 1 mM NH4Cl which
exhibits regions of higher work function compared to the other samples.

With the increase in the NH4Cl concentration (1 mM to 2 mM) there
was an abrupt increase in the carrier concentration (Fig. 2b). This is an
indication of the incorporation of chlorine as a donor into the CdS lat-
tice. From 2 mM to 8 mM NH4CI the carrier concentration decreases. It
indicates that there is a compensation effect of chlorine by the creation
of neutral complexes along with the side contribution of the OH impu-
rities. Nevertheless, the surface photovoltage (Fig. 3k) of the CdS films
increases steadily from 190 eV to 240 eV with an increase in the NH,4Cl
concentration from 0 to 8 mM.

3.3. Elemental composition properties of CdS and CdS/SbsSes

The elemental characteristics of CdS films were investigated using X-
ray Photoelectron Spectroscopy (XPS) and Energy Dispersive X-ray
Spectroscopy (EDX) at varying NH4Cl concentrations. The XPS spectra
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(depicted in Fig. S5a, b, and c) exhibited prominent Cd 3d peaks at
405.8 eV and 412.5eV binding energies. Notably, there was no
discernible detection of Cl 2p within the 190-210 eV range, suggesting
that the chlorine incorporated during deposition is distributed deep
within the film rather than residing on the surface. The peaks corre-
sponding to Cd 3d and S 2p exhibited no significant variations with
increasing NH4Cl concentration. Similarly, Natalia et al. [39] also re-
ported the non-varying XPS of CdS films with OH impurities.

Further confirmation was sought through EDX analysis performed on
CdS films prepared with an NH4CI concentration of 8 mM (fig. S5 d). The
peaks corresponding to O, S, Cd, and Sn were detected meanwhile Sn
and O indicated the presence of oxygen and tin originating from the FTO
substrate. Consequently, the elemental analysis corroborates the mini-
mal chlorine content within the CdS film lattice. These results suggest
that chlorine is either present in very low concentrations deep within the
film or falls below the detection limit of the analytical instruments.

To investigate the elemental distribution and interdiffusion in the
CdS/SbySes heterojunction solar cells, SIMS analysis was carried out on
solar cells with 0, 1, and 8 mM NH4CI-CdS as buffer layers. Fig. 4a shows
the distribution of Sb'?!, Se8, C1%°, cd!'#, $2, and F'° elements inside
the solar cell structure with 1 mM-NH,4Cl. The distribution of constitu-
ents elements of the absorber (SbsSes) and buffer layer (CdS) was
detected (Fig. 5a). The detection signals corresponding to CI*® inside
1 mM NH4CI-CdS samples also confirm the incorporation of Cl inside the
films, which was below the detection limit of EDX. To get insight into the
possible intermixing of CdS and SbySes the Sb/Cd ratio (Fig. 5b) was
calculated from the SIMS data for 0, 1, and 8 mM NH4Cl-CdS samples.
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Both 1 mM and 8 mM samples showed a gentler slope at the CdS leading
edge indicating Cd interdiffusion into the absorber when CI is used.
Interdiffusion appears not to be linearly correlated with the amount of Cl
with the 1 mM NH4CI-CdS showing the largest intermixing. So clearly
the CdS with 1 mM NH4Cl has more interdiffusion of Cd to the absorber
side which leads to more probability for intermixing and formation of
CdSe at the interface. This might affect the solar cell performance, Wen
X. et al.[14] reported that this intermixing leads to better lattice
matching and lower defects, leading to an efficiency of 7.6 % using VTD
as the deposition method for the SbySes deposition. Liang et al.[40] have
also achieved an efficiency of 7.4 % through effective SboSes layer
growth through VTD deposition followed by a post-selenisation pro-
cedure in substrate configuration CdS/SbsSes solar cells. Meanwhile,
other groups [10,15,41] have reported a detrimental effect on solar cell
performance while depositing Sb,Ses by CSS method. The impact of the
Cl addition during the CBD process is shown in Fig. 5¢ where the S/Cl
ratio is plotted. The S/Cl ratio is highest for 0 mM NH4CI-CdS and re-
duces with an increase in the NH4Cl concentration, confirming the
effective incorporation of Cl in the CdS films.

3.4. Structural and morphological properties of Sb,Sez deposited on CdS
films processed with various chlorine concentrations

As a step forward to solar cell preparation, the SbySes absorber films
with a thickness of 1.023 pm were deposited by VID on glass/FTO/CdS
substrates, with varying NH4Cl concentrations in the CdS films. The
structural and morphological properties of the SbySes films were
analyzed to study the effect of the change in CdS film on the absorber
film. Fig. 6(a-e) shows the surface SEM images of SbySes films. It can be
observed that the SbySes films are arranged very compactly without any
porosity. However, the grains are not uniform, some with irregular size
while others show a tower-like structure. This might be due to the
substrate temperature irregularity obtained during VID deposition. No
significant changes in the morphology were observed for SbySes films
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due to changes in NH4Cl concentration. The cross-section SEM image
(Fig. 6 f) of 1 mM NH4CI-CdS/SbySes interface, confirms the columnar
growth SbySes grains. The structural properties of the SbySes do not
change with the difference in CdS films and all XRD spectra were
identical to the example shown in Fig. 6 g for 1 mM NH4CIl-CdS/SbsSes.
The XRD pattern of SbySes deposited on CdS processed with various
NH4CI concentration is presented in fig.S8 in the supporting material.
The diffraction patterns were compared with standard data (JCPDS
15-0861) [13]. The diffraction peaks at 15.03°, 16.87°, 23.9°, 27.02°,
28.2°, 31.16°, 32.22°, 34.08°, 37.98°, 39.08°, 41.35°, 44.95°, 45.57°
and 54.88° were detected corresponding to (020), (120), (130), (021),
(211), (221), (301), (240), (041), (411), (250), (431), (002) and (061)
planes. The XRD patterns have more intense (221) and (211) peaks
indicating the tilted columnar grain growth of the SbySes films which
was observed in the cross-section SEM image (Fig. 6 f) of the same
sample.

Fig. S6 (supplementary material) presents the AFM image of the
SbySes absorber film grown on CdS film with 1 mM NH4Cl in the CBD
bath. As with the SEM images, this gives a clear view of the overgrown
grains in the film. The irregularities observed in the grain growth can be
attributed to several factors, including non-uniform substrate tempera-
ture during rapid Sb,Ses deposition. Additionally, the VTD deposition of
the SbySes is happening at 400 °C. This could act as a post-deposition
vacuum annealing process for the CdS films which leads to the out-
diffusion of the residues and delay the growth of some grains.

3.5. Impact of the chlorine concentration in the CBD CdS precursor on the
device performance

The SbaSes solar cells with superstrate configuration (glass/FTO/
CdS/SbySes/Au) were fabricated and the changes in the device perfor-
mance with a change in NH4Cl concentration during the CdS deposition
were analyzed. The solar cell parameters open circuit voltage (Voc),
short circuit current density (Jsc), fill factor (FF), and power conversion
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efficiency (PCE) were extracted from the J-V characteristics (Fig. 7a-e).

The device parameters are influenced by the change in NH4Cl con-
centration in the precursor during the CdS deposition. The Vg, FF, and
PCE of the solar cells were increased when 1 mM of NH4Cl was intro-
duced to the CdS films. The Voc increases to 391.27 mV from
354.15 mV, FF increases to 52.4 % from 51.7 % and PCE increases to
4.6 % from 4.2 %. The highest PCE of 4.6 % was also obtained for the
cells using a CdS layer buffer layer with 1 mM NH4Cl. As the NH4Cl
concentration increases after 1 mM all the solar cell properties go down.
The lowest PCE of 2.2 % was obtained for the solar cells with 8 mM
NH4CI CdS buffer layers. The incorporated Cl has affected the solar cell
parameters. The cells with maximum resistivity and minimum carrier
concentration (1 mM NH4Cl) CdS as buffer layer resulted in the best
performance.

Similar to Fig. 4, WF maps and photovoltage were measured by SKP
on the complete glass/FTO/CdS/SbySes devices. In this case on top Au
contact and nearby bare SbaSes surface. The results are summarized in
fig. S7 and fig. S8 in the supplementary material. The most important
observation is that the samples with 1 mM NH4Cl show the largest
photovoltage response and that the Au contact enhances this response, i.
e., it significantly helps extract holes from the prepared solar cell.

The EQE response (Fig. 7 f) of solar cells shows steady efficiency in
the 550 — 750 nm range. The integrated current density was also
calculated from EQE and the values are in good agreement with those
obtained from JV curves. The values of integrated Jsc are illustrated in
fig. S9 in the supplementary material. The solar cells with CdS buffer
layer deposited with 0 and 1 mM NH4Cl have ~ 70 % response in the
550-750 nm region. As the concentration of the NH4Cl in the CdS films
increases the response steadily decreases, and the lowest efficiency of ~
50 % was obtained for the cells using CdS films with 8 mM NH4Cl. At the
lower wavelength of the EQE spectra, a clear reduction in the response
can be observed. This is one of the peculiar trends that has been reported
by other researchers due to the intermixing effect between CdS and
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SbySes occurring as result of higher temperature deposition of SbaSes
absorber film. In our investigation, we observed a reduction in the EQE
spectral response at lower wavelength (400-550 nm) for solar cells
fabricated using 8 mM NH4Cl-CdS/SbaSes compared to those utilizing
1 mM NH4CL. The decrease in the EQE response at shorter wavelengths
can be related with the greater stability of the CdS layer, and therefore to
a greater parasitic absorption. This also agrees well with the SIMS results
(Fig. 5a), where a higher degree of interdiffusion is revealed for the
1 mM NH4CI concentration. The mixing probably leads to a reduction of
the CdS layer thickness and consequently of the parasitic absorption.

The better performance of the cell also depends on the best hetero-
junction between the buffer and the absorber films. CdS films are known
for intermixing with the SbySes films, different research groups are
trying to overcome these problems through different methods. There are
reports on the incorporation of Al**[27,42], heterojunction annealing
[43], and CdCl; thin-layer deposition[21,44,45] which resulted in better
performance in the devices. The introduction of thin films such as TiOy
also improved the efficiencies of the SbaSes solar cell. In our case, it was
the simple incorporation of Cl in the precursor/bath at 1 mM concen-
tration that resulted in tremendously improved solar cell performance.
This opens prospects for further fine-tuning and optimization of the
CdS/SbySes heterojunction.

3.6. Mechanism of chlorine incorporation in CdS and interrelation with
CdS/SbsSes device performance

Based on the above observed systematic changes in the properties of
CdS, SbySes films and solar cells, the following physicochemical pro-
cesses are proposed:

(i) At the stage of CBD CdS processing: During the CBD deposition of
CdS films, two concomitant processes occur in which both,
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hydroxyl group and chlorine are incorporated into the CdS lattice
according to the Eqgs. 1-3:

nCdS + Cd(OH),—Cd,,1S,2(0H), Vg @
2NH,Cl+ CdSO, <> CdCl, + (NH,),S04 @
nCdS + CdCly—Cdy 11 S,2C, Ve ©)

According to Eq. 1, as a result of the chemical reaction, cadmium
hydroxysulfide as a solid solution of cadmium hydroxide into CdS is
formed and the OH group occupies the sulphur site into the CdS lattice,
behaving as a shallow donor. On another hand, according to Eq. 2, the
presence of NH4Cl in the CBD precursor solution promotes formation of
CdCly, leading to the incorporation of Cl into the CdS lattice and
generating one Vg per every pair of incorporated Clg. Depending on the
concentration of both hydroxyl group and chlorine in CdS, the generated
V&4 can compensate the (OH){ and Cl¢, resulting in a low electron
density of CdS.

Thus, at 0 mM NHy4CI, the electron concentration in CdS film is
entirely determined by the concentration of OH group which is incor-
porated into CdS on sulphur sites, generating an electron density of ~3
x 10'% ecm™® (Fig. 3b). An incorporation of 1 mM NH4CI in the CBD
precursor seems to be a relatively low concentration to generate enough
Cl¢ which would enhance the electron density. At such moderate Cl
concentration and considering the incorporated (OH)g, the concentra-
tion of double charged acceptor (Vcg)* (which is generated by incor-
poration of both, and Cd(OH); - Eq. 1, CdCl, - Eq. 3) appears to be high
enough to compensate the shallow donors, resulting in enhanced re-
sistivity and reduced electron density (Fig. 3b). An increase in the
electron density of the films processed with 2 mM NH4CI in the CBD
precursor can be explained by enhanced concentration of Cl¢ shallow
donor defects which seems to be in higher concentration compared to
(Vcd)z' at the given incorporated CdCl, amount. As the amount of NH4Cl
in the CBD precursor increases further, the electron density in CdS
gradually drops (Fig. 3b) which can be related with the high Cl incor-
poration into the CdS lattice. Under these conditions, there is a high
probability for Cl to occupy the interstitial states (acting as a p-type
defect) into the CdS lattice, promoting high degree of compensation
effect. Thus, these results indicate that depending on the amount of the
NH,4CI in the CBD precursor, the balance between (OH)$ and CI{ is al-
ways shifted, governing, resistivity, electron density and work function
in CdS films. However, this mechanism involves additional processes
occurring during the stage of the SbySes absorber depositions by VID, as
follows.

At the stage of VTD Sb,Ses absorber processing: During the SbaSes
absorber deposition at 400 °C (especially considering the time for
ramping up the VTD source and substrate temperatures), CdS undergoes
an annealing process, wherein the small CdS grains with high surface
energy, undergoes intensive recrystallization by mass transport. On one
hand, this recrystallization process induces decomposition and out
diffusion of both chlorine and OH, resulting in their redistribution into
the CdS lattice with a final impact on defect density and thus electrical
properties of CdS buffer. On the other hand, according to SIMS analysis
an interdiffusion of the elements at the main interfaces occurs, having a
critical impact on the interface formation, including formation of
interface defects and the quality of the n-p heterojunction. SIMS result
confirms incorporation of Cl into the CdS and diffusion of Cd into SbaSes
absorber. The latest effect (of Cd diffusion into absorber) represent a
major finding as many reports provided speculative hypothesis
regarding Cd diffusion but without direct measurements proof. Some
studies proposed the hypothesis that Cd act as donor defect in SbySes
generating a rectifying junction in the spatial charge region [30].
Interestingly, in our case, for the device processed with 1 mM NH4Cl CdS
the diffusion of Cd was more pronounced (Fig. 5b). The same device
showed the highest PCE suggesting that at 1 mM NH4CI the concentra-
tion of incorporated Cl into the CdS promotes a set of suitable condition
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for the formation of both, electrical properties of CdS as well as of the
interdiffusion at the interface, resulting in the improved quality of the
heterojunction and thus, device performance. It is worth mentioning
that as an unexpected result, the SIMS analysis did not show any
diffusion of chlorine into the absorber. So far, these results demonstrate
that to achieve a beneficial impact of chlorine on the performance of
CdS/Sb,Ses device, the concentration of Cl should be relatively low,
requiring careful incorporation control at both deposition stages, of CdS
and Sb,Ses absorber.

4. Conclusions

Exploring the influence of adding low concentration (1-8 mM
NH4C)) of chlorine inside the CBD precursor on the characteristics of CdS
films and CdS/SbySes solar cell device performance showed that the
increase in chlorine concentrations does not affect the structural and
morphological properties of CdS films whereas it significantly affects the
electrical properties by changing carrier concentration and resistivity.
There was an abrupt decrease in carrier concentration and an increase in
resistivity with the introduction of 1 mM NH4Cl. Additionally, bandgap
of the CdS sample decreased with chlorine introduction from 2.47 eV to
2.45 eV. Photovoltage showed hole diffusion on CdS surface, on com-
plete cells it showed pronounced positive effect of Au contact on effec-
tive charge collection. SIMS experiments detected increasing chlorine
concentration and a higher interdiffusion of Cd into the absorber side
was confirmed for devices with 1 mM NH4CI-CdS buffer layers. The
morphology of SbySes films deposited via VID on the CdS films with
different NH4Cl concentrations remained unchanged but an irregular
grain height was observed in all films, this might be because of the
irregular substrate temperature that occurred due to high vapor flow
during the fast deposition. The SboSe; films were (221) oriented
regardless of CdS chlorine concentration. The devices with 1 mM NH4Cl-
CdS buffer layer had the best performance with 4.6 % PCE. A 20 % boost
compared to the devices with 0 mM NH4CI-CdS. The performance of the
devices decreases with an increase in chlorine concentration from 1 to
8 mM NH4Cl. EQE measurements show a steady decrease in the spectral
response in 500-800 nm region with an increase in NH4Cl concentra-
tion. A detailed insight to the complex mechanism of the chlorine inside
the CdS films and its effects on the device performance was provided
opening new possibilities for the refinements in the methodologies of
chlorine-assisted development and optimization of emerging CdS/
Sb,Sejs solar cells.
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Control of source-to-substrate distance (Dg,.syp) and carrier gas in vapor transport deposition (VID) of thin-film
chalcogenide absorbers is crucial for ensuring uniform deposition and high film quality in solar cells. While well-
optimized for large-scale CdTe, identifying a suitable VTD growth protocol for SbySes remains challenging due to
its pseudo-1D ribbon-like structure. This challenge becomes even more complex for the CdS/SbySes device
platform, where issues such as excessive intermixing and elemental diffusion at the CdS/Sb,Ses interface must be
mitigated to achieve a high-quality heterojunction and, consequently, a highly efficient solar cell. In this work,
we address this challenge by investigating the impact of VTD Dg,.syb in an Ar gas flow on the properties of SbySes
and CdS/Sb,Se; cells, comparing devices with and without chloride-processed CdS. It was found that at Dg,.gub <
3 cm, a high growth rate with excessive oversaturation resulted in rough SbySes films with small grains. Dge.gup ~
6 cm provided a balanced growth rate, leading to larger grains and a uniform surface, whereas Dgq.syp > 10 cm
resulted in a low growth rate and a highly dispersed structure. Solar cells with VID Dgq.gyb ~ 6 cm and chloride-
processed CdS reached 5 % efficiency, ~10 % higher than unprocessed counterparts. A comprehensive
comparative analysis between these two device architectures is provided, highlighting the interrelation between
absorber quality at different Dg,.gup, cell performance, defects, and recombination processes, contributing to a
better understanding and optimization of CdS/SbsSes solar cells.

1. Introduction Shockley—Queisser (SQ) theory [5]. Key challenges in advancing SbaSes

solar cell performance include achieving columnar grain growth,

Over the past decade, antimony selenide (SbaSes) solar cells have
achieved significant advancements in power conversion efficiency (PCE)
and increased research interest. The material’s exceptional properties,
including a suitable band gap (~1.2 eV), high absorption coefficient
(~10* em™Y), and the possibility to control both n-type and p-type
conductivity, position it as a promising candidate for the development of
non-toxic and earth-abundant solar cells [1,2]. Notable features such as
a low probability of secondary phase formation, low melting point, and
unique 1D crystal structure facilitate the fabrication of thin films using
cost-effective and scalable methods, such as close-spaced sublimation
(CSS) and vapor transport deposition (VTD) [3,4]. All these material
advantages have enabled rapid progress in achieving solar cell devices
with a PCE of ~11 %, yet there remains considerable room for further
improvement toward the 30 % theoretical limit predicted by the

* Corresponding author.
** Corresponding author.

selecting suitable partner layers, and mitigating interface and bulk de-
fects [4,6,7]. Researchers have successfully addressed the challenge of
columnar grain growth through rapid high-temperature deposition and
the incorporation of seed layers, which have led to higher-quality pho-
tovoltaic-grade SboSes films, particularly using CSS and VID methods
[3,8]. Moreover, VID offers additional control parameters, such as
source-to-substrate distance (Dg,.syp) and the incorporation of carrier
gases (e.g., Ar or Ny), providing greater flexibility to fine-tune film
properties compared to CSS, further enhancing film quality and device
performance.

Cadmium sulfide (CdS) has traditionally been utilized as an electron
transport layer (ETL) for SbaSes solar cells due to its well-established
properties and optimized performance in cadmium telluride (CdTe)
and copper indium gallium selenide (CIGS) solar cells [9-11]. CdS
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provides suitable band alignment with SbySes, facilitating efficient
carrier separation. Alternative, wider band gap ETL layers such as TiOy
[12], ZnO [13], ZnaSnO4 (ZTO) [45], and SnO, [15] have been explored
to enhance the performance of SbySes solar cells. Among these, TiO; has
emerged as a promising candidate, particularly for overcoming trans-
parency limitations and minimizing intermixing which has been re-
ported in some cases for CdS-based SbySes cells. TiO, films, developed
through techniques such as spin coating [16], spray deposition [17], and
direct current (DC) sputtering [6], have demonstrated noticeable
performance.

Independent of the ETL used, researchers have investigated various
strategies to optimize the ETL-absorber interface properties and reduce
interface defects, further enhancing the overall performance of SbySes
solar cells. In this context, key strategies that have been intensively
applied in recent years for both CdS and TiO,-based device platforms
include the application of CdCl, post-deposition treatments (PDTs) for
the ETL in air at 380-420 °C and/or the incorporation of an intermediate
interface layer between ETL and absorber [16,18].

Several studies have reported that these approaches can effectively
reduce CdSe formation at the main interface and limit Cd diffusion into
the absorber layer [12]. However, the impact of CdSe formation and/or
Cd diffusion on the conductivity type and defect states in the SbySes
absorber remains debatable, with some reports indicating a beneficial
effect, while others suggest a detrimental one. An extensive analysis of
reports published between 2005 and 2024 on the defect formation in
SbySes within CdS/SbaSes solar cells, comparing devices with and
without CdCl, PDT for the CdS ETL indicates that in CdS/Sb,Ses solar
cells without CdCl; treatment, the predominant defect is selenium va-
cancy (Vse), whereas in devices incorporating CdCly-treated CdS, anti-
mony substitution by selenium (Sesp) emerges as the most dominant
defect, accounting for approximately 50 % of the reported absorber
defects. Several researchers, including [19-21], [2], [22-24], have re-
ported Segy, defects in interface-modified CdS/SbySes solar cells. Notably
[22], identified a Seg}, defect with an activation energy of 0.11 eV and a
defect density of 10'® em 3. These findings indicate that post deposition
treatments of the ETL layer with interface engineering and selenium
treatments have improved the performance of SbySes solar cells by
mitigating the effects of Vg, defects.

Previous studies have presented mixed interpretations regarding the
impact of CdCl, treatment on the properties of CdS/SbsSes solar cells.
Several reports indicate that CdCl, treatment effectively reduces deep-
level defects and interface trap states, thereby minimizing non-
radiative recombination losses. This reduction in defect density con-
tributes to an increase in carrier lifetime and open-circuit voltage (Voc),
ultimately enhancing overall device performance [25]. Additionally,
some studies suggest that CdCl, treatment improves band alignment and
promotes the formation of a more uniform and compact grain structure
in SbySes films, which facilitates charge transport while reducing
recombination losses at grain boundaries [15]. Furthermore, CdCly
treatment has been shown to enhance Cd interdiffusion into the absorber
layer, leading to a graded interface that mitigates interface recombina-
tion and defect trap formation [19]. Conversely, other reports highlight
potential challenges associated with CdCl, treatment, particularly the
increased likelihood of CdSe formation at the CdS/Sb,Ses interface,
which may act as a barrier to efficient carrier transport [8]. In order to
bring more insight into this part, in our previous work, we systematically
investigated various post-deposition treatments and their effectiveness
in addressing these challenges [26]. Notably, we introduced an “in situ
chlorine” incorporation method, which had not been previously
explored for CdS/SbySes solar cells. Through this novel approach, we
optimized the chlorine concentration in the CdS films by systematically
varying the concentration of NH4Cl in the chemical bath deposition
(CBD) precursor solution, resulting in a 20 % enhancement in solar cell
PCE [27]. This improvement was primarily attributed to modifications
in the electrical properties of the CdS films, including increased carrier
concentration, reduced resistivity, and an altered work function, while
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preserving the morphology and structural integrity of the films. Within
the same study, a key finding was the detection of Cd diffusion from CdS
to SbySes by SIMS analysis. Although our previous research has
improved the performance of NH4Cl-treated CdS/SbySes solar cells, a
detailed study of the defect states and the mechanisms behind this
improvement is still lacking. In particular, the effect of chlorine incor-
poration in the CdS layer on interface recombination, as well as how
VTD parameters, like growth rate, influence grain growth and defect
formation in SbySes, remain poorly understood. This work addresses
these unexplored areas, revealing important knowledge gaps and of-
fering new insights into the factors that limit the efficiency of these
promising solar cells.

Thus, in this study, the CdS/SbaSe; solar cells were optimized by
fine-tuning the deposition of VTD SbaSes films through variations in the
Dso-sub (3, 4, 6, and 10 cm) and incorporating inert gas (Ar) to control
the growth rate and achieved more columnar and compact grain struc-
tures in the SbySes films. The CdS ETL layers were processed with
chloride, incorporating 1 mM NH4Cl into the chemical bath solution, as
optimized in the previous study [27]. The structural properties and
morphology of SbySez films grown on both with and without
chloride-processed CdS layers were systematically analyzed using X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Solar cells
were fabricated in a  superstrate configuration  (glass/-
FTO/CdS/SbaSes/Au) with VTD-deposited SbySes films prepared at
varying Dgo.syp on CdS ETL with and without the chloride-process. The
optimization of the VTD process resulted in an 8 % improvement in the
PCE of the solar cells compared to our previous studies, with the final
PCE of 5 %. Furthermore, a comprehensive defect analysis was per-
formed using admittance spectroscopy and temperature-dependent I-V
measurements, providing deeper insights into the performance en-
hancements and underlying device physics.

2. Experimental
2.1. Chemical bath deposition (CBD) of CdS films

CdS films were deposited on precleaned glass substrates (18 x 18
mm?) using CBD technique as described in our previously published
articles [27]. The NH4Cl (1 mM) was added to the bath solution to
incorporate chlorine into the CdS films. The deposition time was fixed to
be 10 min at 79 °C to achieve a fixed thickness of ~100 nm. The CdS
films without and with NH4Cl are referred to as non-chloride and
chloride-processed CdS films.

2.2. Deposition of CdS/SbzSes solar cells

SbySes films were deposited on the glass/FTO/CdS substrate with/
without NH4CI using VTD deposition. A three-zone furnace (Carbolite,
Germany) was used for the film deposition with 5N pure Sb,Ses granules
purchased from Sigma Aldrich as source material (0.02 g). The quartz
tube was evacuated up to 10~® mbar using a combination of both a
rotary pump and turbo molecular pump (Pfeiffer, Germany). Dgo-sub
distance was varied (3, 4, 6, and 10 cm), and Ar gas was introduced to
the quartz tube at a flow rate of 0.05 I/min to reduce the vacuum to
1-1.3 x 102 mbar. The substrate and source temperatures were fixed at
420 and 520 °C, and the ramping rate and the deposition time were fixed
at 20 °C/min and 1 min, respectively. After the deposition time, the
furnace lid was opened, at the same time the vacuum pump was shifted
from turbo to the rotary pump and the Ar flow was stopped. At this time,
the vacuum level dropped to 102 mbar, which resulted in a rapid
stoppage for the SbySes film deposition. The samples were kept inside
the quartz tube at the same conditions till the temperature of the furnace
reached 30 °C or less. Later, the quartz tube was vented, and the samples
were taken out. The solar cells (glass/FTO/CdS/SbySes/Au) with
superstrate configuration were finished with the deposition of Au con-
tacts using the thermal evaporation method. The completed solar cell
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stacks were annealed in air on a hot plate at 120 °C for 10 min for better
alignment of the films. Indium pads are added on top of the Au contacts
before the admittance measurements for better contacts and protection
for the device from damage.

2.3. Material and device characterizations

The structural properties of CdS and SboSes films were analyzed from
X-ray diffraction (XRD) data. The measurements were performed using
Rigaku Ultima IV system with Cu Ko radiation, equipped with D/tex
Ultra silicon detector in the 20 step of 0.04° at 2-10s/step and sample
rotation. The measured XRD patterns were compared with the standard
data, JCPDS 01-074-9665 for CdS films and JCPDS 00-015-0861 for
Sb,Ses films.

The morphology, along with the thickness of the CdS and SbjSes
films, was obtained from scanning electron microscope (SEM) images
from Zeiss EVO-MA15 equipped with a Zeiss HR FESEM Ultra 55 system.

The performance of the glass/FTO/CdS/SbaSes/Au solar cells was
analyzed from the J-V data measured by AUTOLAB PGSTAT 30 and
Oriel class A solar simulator 91159 A (100 mW/cm?, AM 1.5G) at room
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temperature. The external quantum efficiency (EQE) of the solar cells
was measured using a custom setup with Newport 300 W Xenon lamp
6911 as light source, Newport cornerstone 260 as monochromator and
Si calibrated Merlin detector at 300-1000 nm wavelength range.

Temperature-dependent J-V characteristics under 100 mW/cm?
condition of CdS/Sb,Ses solar cells were measured with KEITHLEY 2400
Source Meter, where the temperature in Janis closed-cycle He cryostat
was varied from 20 K to 320 K with a step of AT = 10 K.

Temperature-dependent admittance spectroscopy measurements
were made at 20 K-320 K with a temperature step of AT = 10 K using a
Wayne Kerr 6500B impedance analyzer. Impedance Z and phase angle 6
were measured as a function of frequency f and temperature T. Fre-
quency f was varied from 20 Hz to 10 MHz, and a minimum AC voltage
of 30 mV was applied to remove the background noise. To get more
understanding of the defects, dark measurements were carried out at 0,
0.2 and 0.4V forward DC bias conditions.

Intensity (arb. units)

11 1111 1 1 1

Intensity (arb. units) E

1 1
1 15 20 25 30 35 40 45 50

L | o J’ ] lth

10 15 20 25 30 35 40 45 50 55 60

20 (deg.)
El:cn Bl 4cm 6 cm [l 10cm

(211)

(221)

(301)
(hkI)

@21)  (002)

55 6p
00-015-0861

3cm 4 cm 6 cm 10 cm ¢FTO
= e : =
~ cm NS 9 s g
- - N N N & o <
I 1 e o .
| | N % I
I | R I 1
| I | I

=3
o

0152025335404550556

l H H 00-015-0861
o 1| L. N

10 15 20 25 30 35 40 45 50 55 60
20 (deg.)

e 4 cm 6 cm [ 10 cm

(301)
(hkl)

321)

(002)

(211) (221)

Fig. 1. a) & c¢) XRD pattern and Texture coefficient of Sb,Ses films (constant thickness of ~0.8 pm) deposited on Non-CI-CdS films at 3, 4, 6 and 10 source to
substrate VTD distance (Dg,.sup), b) & d) XRD pattern and Texture coefficient of SbySes films deposited on CI-CdS films at 3, 4, 6 and 10 Ds,_syp.
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3. Results and discussion
3.1. Structural morphological properties of SbaSes films

As mentioned in the introduction, our previous study proposed an
alternative approach to the challenging CdCl, post-deposition treatment
(PDT) of CdS in CdS/SbySes devices. This approach involved control-
lable Cl incorporation into CdS films by systematically varying the
concentration of NH4Cl in the chemical bath deposition (CBD) precursor
solution. We found that incorporating 1 mM of NH4Cl as a CI source in
CBD CdS was the optimal concentration, leading to a remarkable ~20 %
enhancement in the PCE of CdS/SbaSes devices. For simplicity, we
labeled CdS films processed with and without NH4Cl as chloride and
non-chloride-processed CdS films (short abbreviation: Cl-CdS, Non-Cl-
CdsS) and for the solar cells (SCs) with these CdS layers as ‘devices with/
without chloride-processed CdS ETL’, respectively (Cl-CdS SCs, Non-Cl-
CdS SCs). It is important to note that in the same study, during VTD of
SbySes, the Dso.syp Was maintained at 10 cm, ensuring a reasonable
deposition rate of 0.16 pm/min. Building on these results, the first key
step in this study was to further optimize the VID growth rate while
maintaining a constant SbySes absorber thickness of 0.8 4 0.1 pm. This
was achieved by systematically varying the Dg,.syp at 3 ¢cm, 4 cm, 6 cm,
and 10 cm, corresponding to deposition rates of 1.0, 0.8, 0.4, and 0.16
pm/min, respectively. The deposition conditions are summarized in a
table format in the supplementary information (Table S1). The impact of
the VTD Dg,.sub 0on the structural and morphological properties of SbaSes
deposited onto CdS/FTO/glass was analyzed by SEM and XRD. Fig. 1la
and b present the XRD patterns of SbySes films deposited at Ds,.syp 0f 3,
4, 6, and 10 cm. The XRD patterns were compared with the standard PDF
card (00-015-0861). The patterns reveal prominent (221) and (211)
peaks at 31.16° and 28.2° (26), correspondingly, which are consistently
reported in the literature and very often linked with favorable columnar
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grain growth [3,8]. The texture coefficient (TC) of SbySes films grown on
CdsS buffer layers, both without (Fig. 1c) and with (Fig. 1d) NH4Cl
treatment, was calculated using the methodology described in previous
reports [4]. The TC values were calculated using an equation,

1
1 ¢ I(hkd)
* [Ngzo(hikizi)] W

where I(hkl) is the experimentally obtained intensity of a given reflec-
tion with Miller indices (hkl), Ip (hkl) is the corresponding reference
intensity taken from the JCPDS Card No. 15-0861, and N is the total
number of reflections considered in the calculation. The (321) peak
exhibited the highest TC values, followed by the (221) and (211) peaks,
confirming the hkl orientation of SbySes films deposited via VTD,
regardless of the employed Cl-CdS, Non-CI-CdS, or the Dg,.syb. Notably,
the Sb,Ses films deposited on Cl-CdS films displayed more consistent TC
values across varying Dg,.syp compared to films deposited on Non-Cl-
CdS films, suggesting enhanced uniformity in the structural properties.

The hk1 orientation of SbySes films plays a crucial role in deter-
mining device performance. This orientation facilitates improved carrier
transport through the lattice, enhancing charge extraction [22]. In
contrast, the hkO orientation can result in increased carrier recombi-
nation, which negatively impacts the PCE of the device. Along with that,
the SbySes grains should be more compact and pinhole-free. To analyze
these aspects, the surface morphology of Sb,Ses films deposited via the
VTD method on Non-CI-CdS (Fig. 2a-d) and CI-CdS (Fig. 2e-h) ETL was
analyzed from SEM images. For SbySes films deposited on Non-Cl-CdS,
the film appeared compact and uniform at a Dg,.syp of 3 cm (Fig. 2a).
As the Dg,.syp increased to 4 cm (Fig. 2b), the grain size and compactness
improved. At Dgosyp 6 cm (Fig. 2c¢), irregular grain growth was
observed, while a further increase of Dg.gyp to 10 cm (Fig. 2d) resulted
in a high degree of irregularity in both grain growth direction and size.

)
~ Io(hkl)

Fig. 2. (a-d) Surface SEM images of Sb,Se; films deposited on Non-Cl-CdS films at 3, 4, 6 and 10 cm Dg,.syp, (e~h) Surface SEM images of Sb,Ses films deposited on

CI-CdS films at 3, 4, 6 and 10 cm Dgg_gyp-



S. Vadakkedath Gopi et al.

This observation is further supported by the grain size distribution
analysis (Fig. S2, supplementary information), derived from the SEM
image presented in Fig. 2. In contrast, for SbySes films deposited on
CI-CdS films, the grain size, compactness, and uniformity improved
progressively from 3 to 6 cm Dg,.syp (Fig. 2e—g). Notably, at Dg,.syp 6 cm,
the SbySes film grown on the CI-CdS substrate exhibited greater
compactness and uniformity compared to the corresponding film
deposited on Non-Cl-CdS. However, at a Dgo.syp of 10 cm (Fig. 2h), the
SbySes films were non-uniform and exhibited random grain orientations
regardless of the Chloride treatment of CdS Ilayer. Detailed
cross-sectional SEM images of the Cl-CdS/SbySes heterojunction at
different Dg,.syp distances are provided in supplementary information
(Fig. S1). As shown in Fig. S1a and S1f, significant re-evaporation of the
SbySes films is evident at Dgo.syp = 1-2 cm, resulting in a reduced film
thickness of approximately 200 nm.

3.2. Device characteristics

The SbySes solar cells were fabricated in superstrate configuration
with Cl-CdS and Non-Cl-CdS at different Dgo.gup to study the effect of
both changes on the device parameters (Fig. 3 and Table 1). The main
solar cell parameters, such as open circuit voltage (Voc), short circuit
current (Jsc), fill factor (FF), and PCE, were extracted from the J-V
characteristics of Non-Cl-CdS and CI-CdS SCs (Fig. 3a—d and Table 1). In
the case of Non-Cl-CdS SCs, the lowest V¢ of 346 mV was obtained with
absorber processed at Dgo.sub Of 4 cm and the highest value of 364 mV
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Table 1
PV parameters from JV measurement of champion solar cells with and without
chlorine processed CdS ETL at different Dgo_gup-

No. Solar cell Dso-sub Device parameters
(em) Voc Jsc(mA/  FF PCE
(mV) em?) (%) (%)
1. SC with non- 3 360.12 22.74 53.96 4.42
Cl-CdS 4 350.09 23.02 55.13 4.44
6 363.89 23.95 53.1 4.63
10 354.74 23.58 51.71 4.33
2. SC with Cl- 3 353.17 19.65 55.47 3.85
Cds 4 351.45 19.81 53.8 3.75
6 376.91 24.97 52.83 4.97
10 391.07 22.45 52.7 4.63

was obtained at Dgq.syb 6 cm. As the Dgq.gyp to 10 cm, the value again
decreased to 352.4 mV. In the case of other parameters such as Jsc, FF
and PCE (Fig. 3b, c and d), the values increase till 6 cm and then drop at
Dso-sub Of 10 cm. The highest Jsc of 24 mA/cm?, PCE of 4.6 % and FF of
56.4 % for Non-Cl-CdS SCs were obtained at 6 cm Dgq.gup. At Dgo.sup Of
10 cm, the PCE value decreased from 4.6 % to 4.2 %. In the case of Cl-
CdS SCs, the V¢ value increases from 345.4 mV to 391.5 mV as the Dg,.
sub increases from 3 to 10 cm. Meanwhile, the Jsc and PCE values in-
crease till 6 cm distance and record their maximum (25 mA/cm? and 5
%), then decrease at 10 cm Dg,.gyp. The highest PCE of 5 % was recorded
for Cl-CdS SCs at Dgo-sup Of 6 cm during SbySes-VTD deposition. The
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Fig. 3. Variation of PV parameters cell a) Voc, b) Jsc, ¢) FF and d) PCE of Non-Cl-CdS and ClI-CdS SCs at different Dg,.gp, during VID deposition. (N) and (C) stand for
Non-CI-CdS SCs and C-CdS SCs, while the numbers on the x-axis indicate the source-to-substrate distance (Dgo_gup)-
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superior performance of the Cl-CdS/Sb,Ses solar cells at the optimal Dg,.
sub of 6 cm is attributed to the enhanced compactness and uniformity of
the Sb,Ses grains, as evidenced by the surface morphology observed in
the SEM images (Fig. 2g).

A significant reduction in PCE was observed for the Cl-CdS/Sb,Ses
solar cells compared to the non-Cl-CdS/SbaSes at Dgoy.sub of 3 and 4 cm.
It can primarily be attributed to the presence of chlorine content in the
CdS layer. At shorter distances of 1-2 cm, we observed significant re-
evaporation effects, which adversely impacted the SbySes absorber
layer in terms of reduced thickness and compromised grain compactness
(Fig. S1 in supplementary information). Although these issues appear to
be mitigated at Dgoy.sup distances of 3 and 4 cm, the deposition of the
absorber layer at 400 °C may act as a post-deposition annealing step for
Cds, affecting the structural (for instance an intensive recrystallization
of CdS can occur as well as interdiffusion of elements at the main
interface) and optoelectronic properties of the CdS ETL and thus
impacting the final device performance. Such effect has been observed
in our previous study, where vacuum annealing of Cl-processed CdS at
elevated temperatures (particularly around 400 °C) led to a degradation
of all solar cell parameters [26]. This degradation trend is consistent
with the performance reduction observed in the CI-CdS/SbySes devices
in the present study and may provide a plausible explanation for the
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lower PCE observed under these conditions. Although the earlier study
employed closed space sublimation (CSS) for SbaSes film deposition, the
Dsou-sub Used was comparable to that in the current work. The main
reason for this was attributed to the formation of CdO through the
dissociation of Cd(OH),, which significantly reduces the carrier con-
centration of the CdS film, consequently affecting the formation of the
heterojunction interface. So far, these results indicate that depending on
the processing conditions of CdS ETL (Cl-vs non-Cl-processed) and the
annealing temperature and environment (dictated in this case by the
VTD deposition of the absorber), different conditions are established for
achieving balanced optoelectronic properties in both the CdS and SbaSes
layers, as well as at their interface. It is evident that at Dgoy-sup distances
between 1 and 4 cm, achieving this balance is particularly challenging.
However, for the optimized Dsyy.sup distance of 6 cm, the resulting de-
vice performance suggests that a favorable trade-off between
absorber-CdS quality and interface formation can be achieved, enabling
higher PCE. Further study employing complementary analyses of this
interface is needed to better understand the underlying mechanisms and
to guide future device optimization.

Regardless of the employed Cl-CdS/Non-Cl-CdS the best device
performance was achieved at 6 cm Dg,.gyp. The J-V characteristics and
EQE response of the best Cl-CdS and Non-Cl-CdS SCs are shown in Fig. 4a
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Fig. 4. (a) J-V characteristics and (b) EQE spectra of the best-performing Non-Cl-CdS and CI-CdS SCs (c) Voc - temperature dependence for Non-Cl-CdS SCs and Cl-
CdS SCs.
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and b, respectively. The Cl-CdS SC exhibits a slightly enhanced EQE
response in the 500-800 nm region. The parasitic absorption loss, which
is inherent in the CdS/SbaSes solar cells, still persists in both solar cells
at ~500 nm wavelength. The integrated Jsc values have been calculated
from the EQE data (Fig. S3) and found to be in good correlation with the
values obtained from the J-V curve. In the lower wavelength region
(300-550 nm) of the EQE spectra, the intensity is notably reduced
compared to solar cells employing TiOy buffer layers (Hobson et al.,
2020). This reduction can be attributed, on one hand, to parasitic ab-
sorption in the CdS layer, due to its lower bandgap (2.4 eV) relative to
TiO3 (~3.2 eV). On the other hand, the potential intermixing at the CdS/
SbySes interface, previously reported in the literature, may also
contribute to the low EQE response in the short wavelength region.
Utilizing TiO3 as a buffer layer can effectively reduce parasitic absorp-
tion in SbySes solar cells. However, despite its beneficial opto-electronic
characteristics, TiO5 poses considerable difficulties as a buffer/ETL for
the deposition of SbaSes films, especially in contrast to the more
commonly used CdS layers. Although CSS has been successful in
depositing SbySes on TiO,, achieving an impressive PCE of 8.12 % [6]
through the incorporation of a seed layer and RF sputtering, applying
VTD in this scenario remains problematic and limited. Fewer studies
report efficiencies of 4.8 % [3] and 5.33 % [28] indicating persistent
challenges when utilizing TiOj, prepared through either physical or
chemical methods, as the ETL in VTD-processed SbaSes devices. This
issue correlates with differences in surface energy, defects, and the lat-
tice matching of SbySes films prepared by VID with those of TiOx films.
Addressing these challenges will require more detailed investigations
into the interfacial chemistry and crystallographic compatibility be-
tween TiO, and SbySes, as well as potential surface treatments to
enhance nucleation and grain growth.

Various strategies, such as introducing A" or CdCl, treatment to the
CdS layers [14,19,21], have been employed to address the intermixing
effect. In our earlier study [27], the interface of CdS/SbySes device with
Cl-CdS was thoroughly analyzed using secondary ion mass spectrometry
(SIMS), which revealed significant Cd diffusion into the SbySes absorber
layer. This diffusion, combined with the improved structural properties
of the absorber layer achieved via VID deposition, led to Cl-CdS/SbaSe3
solar cells with a peak PCE of 4.6 %. In the present study, fine-tuning the
absorber growth rate by adjusting the Dg,.gup distance and introducing
an Ar carrier gas further enhanced device performance, achieving a PCE
of 5.0 %. This represents an approximate 10 % relative improvement
over previously reported Cl-CdS/SbaSes solar cells.

These results naturally lead to the consideration of the underlying
physicochemical factors, including thermodynamic aspects, that govern
the enhanced properties of the VITD-grown SbySes absorber and the
corresponding CdS/Sb,Ses interface. These factors also have important
implications for overall device functionality. As emphasized in Section
3.1, the duration of the VTD process was adjusted for each source-to-
substrate distance (Dso.syp) to maintain a constant SbySes absorber
thickness of 0.8 pm across all depositions. However, deposition condi-
tions, such as growth rate and supersaturation, varied significantly with
Dgo-sub- This, in turn, led to differences in the morphological and
structural properties of the films and influenced the resulting device
performance. In addition to these factors, the geometry of the VTD setup
also plays a critical role in controlling the vapor flux and supersatura-
tion. According to our experimental VTD setup (Fig. S5), the deposition
process occurs inside a quasi-closed, coaxial inner quartz tube (length:
20 cm, inner diameter: 2.7 cm; volume: ~46.3 cm®), inserted into a
larger horizontal VTD furnace tube (length: 102 c¢m, inner diameter: 5.5
cm; volume: ~460.5 cm®). Within this compact deposition space, it is
reasonable to approximate the system operation like in the Knudsen
(free molecular) flow regime under a working pressure of ~1 x 1072
mbar (0.1 Pa), where vapor transport is dominated by line-of-sight
molecular gas transport. The applied low carrier gas flow rate (0.05
LPM Ar) provides sufficient vapor refresh while avoiding dilution, and
the small tube volume helps stabilize vapor density and thermal
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gradients. This controlled configuration minimizes vapor losses to
sidewalls, ensures steady-state growth conditions, and enhances the
effectiveness of source-to-substrate distance in regulating local super-
saturation. Considering all these aspects, at the fixed source temperature
Ts, of 520 °C, the vapor pressure of SbySes was recalculated using the
experimentally validated sublimation relation: logo(pror) = 956 +
10.632 [29,30], giving an estimated equilibrium vapor pressure of
~0.037 Torr (~5 Pa) at 520 °C. At the substrate temperature Tg,p of
420 °C, the equilibrium vapor pressure is much lower, between ~0.003
and 0.005 Torr (~0.4-0.7 Pa). This yields a supersaturation ratio of S =

P, /p, of approximately 7-12 during deposition, a range high enough to
eq

affect film nucleation and growth behavior. At large Dgo.syp (10 cm),
vapor dilution and partial loss to sidewalls reduce supersaturation,
leading to sparse nucleation and consequently, to a high degree of ir-
regularity in both grain growth direction and size (Fig. 2d-h and
Fig. S1). At Dgo.sub between 3 and 6 cm, vapor arrival and supersatu-
ration are balanced (S ~ 2-5), with a balanced optimal 0.4 pm/min
growth rate at 6 cm Dg, gy, promoting larger, well-sintered grains with
improved size distribution and uniformity and orientation. These im-
provements are further sustained by deposition onto CI-CdS films,
implying balanced interdiffusion (Cl, Cd) at the interface, as proved by
SIMS [27], having also contributed to increased diffusion of nucleation
centers (leading to the formation of larger SbySes grains). All these
optimized features contribute to optoelectronic properties and
CdS/SbySes interface quality, resulting in the enhanced 5 % device
performance. On a practical note, these results show that
source-to-substrate distance, growth rate, and vapor supersaturation are
strongly interlinked through the VTD system geometry. These factors
critically influence film quality and device performance, underscoring
the need for careful system design and process control in VTD scalable
SbySes solar cell manufacturing.

To explore the impact of defects on device performance, the varia-
tion of Voc with temperature was analyzed for Cl-CdS and Non-Cl-CdS
SCs (Fig. 4c). In both cases, the Voc exhibited a plateau below a tem-
perature of 200 K. The linear region of the Voc-temperature curve was
extrapolated to determine the activation energy (E»), which was found
to be approximately 0.91 eV for Non-Cl-CdS SCs solar cells and 1.0 eV
for C1-CdS SCs. These values are consistent with the reported bandgap of
SbySes (~1.2 eV) [22] as well as the bandgap extracted from EQE
(Fig. S4), indicating that interface recombination plays a significant role
in limiting the V¢ of these devices. The E, of the Cl-CdS SCs is closer to
the bandgap of SbySe; compared to the Non-Cl-CdS SCs. This suggests a
higher degree of bulk recombination in the chlorinated devices, which
could explain their relatively higher Voc compared to the Non-Cl-CdS
SCs, which have lower E5 values indicating higher interface recombi-
nation. This observation aligns with the J-V characteristics of the
best-performing solar cells (Fig. 4a), where the CI-CdS SCs exhibited a
higher Voc than Non-Cl-CdS SCs. These results underscore the critical
role of interface engineering in enhancing the performance of SbaSes--
based solar cells.

3.3. Defect analysis of the CdS/SbsSes devices

SbySes devices continue to be hampered by a large concentration of
bulk and interface defects. Distinguishing between the two types of
defects is not an easy task and requires a combination of defect analyses
to gain a more sophisticated understanding. First, we attempt to quan-
tify the trap defect density from the dark J-V curves. Log-log plots of the
dark J-V curves, as shown in Fig. 5a and b, enable the separation of three
linear regions: Ohmic, Trap-filling-limit (TFL), and Cloud [31]. Linear
extrapolation of the Ohmic and TFL regions provides an intersecting
point, which is the TFL voltage (Vygy) at which the trap states are ex-
pected to be filled. Trap density can be subsequently calculated by using
the Vg, in the following Equation (2):
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where Nr is trap density in em 3, ¢ is the dielectric constant of SboSes

(15.1), € is the electric constant, Vg, is the trap-filling-limit voltage in V,
q is electric charge in C, and L is the SbySe3 absorber thickness.

In this study, the Vg, values obtained from Fig. 5a and b were 0.68 V
and 0.64 V for Non-Cl-CdS and CI-CdS SCs, respectively. A low Vg,
value (<0.2 V) is often interpreted as an indication of very low trap
density; however, in some cases, it may also suggest poor charge in-
jection or low carrier concentration. Conversely, a high Vg, (>1 V) can
be a sign of excessive traps and recombination losses, often associated
with poor material quality, unoptimized interfaces, or deep-level de-
fects. A moderate Vg, (0.2-1.0 V) is generally desirable for high-
efficiency thin-film solar cells, such as CdTe, CIGS, and perovskites
[32], as it indicates controlled defect density and reasonable charge
transport properties. In our case, both values are below 1.0 V (with a
slightly lower Vg, for the Cl-CdS SCs), suggesting a relatively low defect
density and, consequently, an efficient charge transport.

The Ny values were calculated to be 7 x 10'* and 8 x 10'* em 3, for
Non-Cl-CdS and CI-CdS SCs, respectively. These trap density values are
similar to the reported values of [33-35] and lower than those reported
by Ref. [31]. This suggests that the optimized Sb,Ses films deposited via
the VTD method exhibit superior quality. Notably, the Nt value for the
Non-Cl-CdS SCs is lower, indicating fewer trap sites and defect centers in
the Sb,Ses films. This observation suggests that the SbaSes films grown
on Non-Cl-CdS layers contain a lower density of trap centers, which may
reduce the recombination of charge carriers at the interface and in the
bulk of SboSes.

To get more insights on the defects in Non-Cl-CdS and CI-CdS SCs,
temperature-dependent admittance (TAS) analysis was performed, as a
powerful, proven technique for unveiling defects in the bulk SbySes [4,
8]. In this study, we went one step further and attempted to identify the
nature of the extracted activation energies. In the case of deep defects
located in the absorber, the activation energy derived from admittance
measurement usually corresponds to the energy difference between the
defect level and a specific band edge (e.g., conduction or valence band).
This energy is typically fixed and does not shift significantly with
applied bias.

If the activation energy of a deep defect observed in TAS shifts with
voltage bias, it is often an indication of an interface-related defect rather
than a bulk defect in the absorber [36]. This is a common signature of
interface states or defects near the junction, where the local potential
varies with applied bias, altering the apparent activation energy.

Fig. 6a—f shows C-f-T curves of Cl-CdS and Non-Cl-CdS SCs measured

log(V)

V curves of Cl-CdS SCs (a) and Non-Cl-CdS (b) SCs.

at 0.0, 0.2, and 0.4 V. Capacitance was derived from the real and
imaginary parts of impedance Z (f, T) signal and calculated using an
equivalent circuit model, which comprises of a capacitor, a series and a
parallel resistor [37]. It can be observed that the capacitance reaches a
plateau value of 25-35 nF cm ™2 near 100 K. Given that the reported
value of the dielectric constant (¢) of SbaSes is 15, the plateau corre-
sponds well to the geometric capacitance of these devices.

Generally, a single capacitance step could be seen in the C-f-T curves.
Determining the inflection points of the derivative plot of the capaci-
tance (-fdC/df) allows extraction of thermal activation energies from the
Arrhenius plots via Equation. (3) [38],

E,
wo = 27fo = 2£,T? exp (7?%) 3)

where & is the thermal emission prefactor, k is Boltzmann constant, T is
temperature and E, is activation energy.

For CI-CdS SCs, the extracted Ea values were 0.44 eV, 0.45 eV, and
0.32 eV for 0 V, 0.2 V, and 0.4 V forward bias conditions, respectively
(Fig. 7a). Similarly, for Non-Cl-CdS SCs, the E5 values were 0.50 eV,
0.47 eV, and 0.20 eV at 0 V, 0.2 V, and 0.4 V forward bias conditions,
respectively (Fig. 7b). In both cases, the activation energy decreased
with increasing bias voltage from 0 to 0.4 V. The fact that the activation
energy remains the same at 0 V and 0.2 V but shifts at 0.4 V suggests that
the defect is influenced by the applied bias. The increased bias may be
shifting the Fermi level or modifying the depletion region in a way that
affects the defect state. This is a common feature of interface defects,
where their apparent activation energy depends on how the band
alignment changes with bias [36,39]. The defect could be a trap state at
the heterojunction, which starts to interact with the conduction or
valence band more significantly at higher biases. Alternatively, it could
be a defect in the buffer layer or near the interface, where the electric
field modulates its energy.

It is important to emphasize that although admittance spectroscopy
and DLTS provide powerful insights into electrically active defects, these
techniques cannot directly identify the chemical origin of the defects.
For this purpose, a correlation with theoretical studies, particularly
defect formation energy calculations from density functional theory
(DFT), is essential to guide defect attribution.

According to recent DFT studies [40], a wide range of native point
defects are predicted in SbySes, including vacancies, antisites, and in-
terstitials. Among these, vacancy-type defects are generally considered
dominant; however, the prevalence of specific defect types strongly
depends on the composition of the vapor phase and the structural
characteristics of the condensed phase during synthesis. Sb vacancy
(Vsp) is commonly associated with an activation energy of ~0.3-0.4 eV
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Fig. 6. C-f-T curves of Cl-CdS SCs measured under 0 V (a), 0.2 V (c), and 0.4 V (e) and Non-Cl-CdS SCs measured at 0 V (b), 0.2 V (d), and 0.4 V (f).

above the valence band maximum (VBM), while the Se vacancy (Vs) lies either Vgp, or Sbge defects. The similarity in E5 values, along with the
~0.5-0.7 eV below the conduction band minimum (CBM), depending on above comparable trap densities observed, may indicate the presence of
its charge state and local coordination [8,44,40]. Antisite defects such as a similar dominant defect mechanism in both device types.
Sbge and Segy, are both amphoteric in nature, with defect levels located at Regardless of the specific nature of the dominant defects, the
VBM +0.494 eV and VBM +0.697 eV, respectively. Due to their mid-gap enhanced device performance (~5 % PCE) observed in Cl-CdS/Sb,Ses
positioning and comparable capture cross-sections for both electrons solar cells highlights the combined benefits of optimized VTD absorber
and holes, these antisite defects are potentially highly detrimental to growth conditions and Cl-processing of CdS ETL. SIMS analysis in our
photovoltaic performance, acting as efficient non-radiative recombina- previous article [27] confirmed Cd diffusion into the SbySes absorber
tion centers ([8,14,40,41]). grown on Cl-processed CdS, and several studies have linked this diffu-
In our case, the extracted activation energies of 0.44 eV (non-Cl) and sion to the effective passivation of deep antisite and vacancy defects,

0.47 eV (CI-CdS SCs) devices fall in a range that aligns more closely with particularly near the interface [41]. These are likely deeper states with
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Fig. 7. Arrhenius plot of the inflection frequencies of Cl-CdS SCs (a) and Non-Cl-CdS (b) SCs measured under 0 V, 0.2 V, and 0.4 V bias.

higher activation energies that, unfortunately, were not detectable
through the admittance spectroscopy measurements in this study.
Additionally, deposition onto Cl-treated CdS promotes balanced Cd and
Clinterdiffusion, which not only improves interface quality but may also
facilitate the diffusion of nucleation centers, resulting in larger,
better-oriented grains. These synergistic effects improve both the opto-
electronic properties of the absorber and the quality of the hetero-
junction interface.

The achieved 10 % boost in PCE by optimizing the VTD growth rate
in Cl-processed CdS-based devices is relevant; however, in terms of
benchmarking, the highest PCE is reported for superstrate-configured
SbySes solar cells fabricated via VID are 7.6 % with a CdS ETL using a
CdCl; post-deposition treatment (Wen et al., 2018). While our current
efficiency remains below the state-of-the-art 7.6 % device, it is still
comparable with other reported R&D efforts (with PCEs between 4.5
and 5.3 % [3,28] and was achieved without using ‘classically employed’
CdCl, PDT processing of CdS. It is also worth noting that although the
7.6 % result is frequently cited as a benchmark, its reproducibility has
been limited. To our knowledge, no other group has independently
replicated this performance using CdCly-treated CdS ETLs in VTD-based
SbySes devices, i.e., in a simplified superstrate architecture (glass/-
FTO/CdS/VTD-SbaSes/Au) without additional absorber doping or
charge-selective layers at the back contact. This suggests that the re-
ported approach may involve nuanced processing conditions that are
not yet fully disclosed/understood. Therefore, our study contributes to a
more systematic understanding of how VTD parameters affect the
SboSes growth rate and their implications on bulk and interface defect
chemistry and device performance, an important step toward long-term
goal of achieving more reproducible and scalable high-efficiency SbaSes
solar cells.

Importantly, these findings suggest that further performance gains
are achievable if such defect states can be more effectively controlled or
eliminated through further targeted material and interface engineering
strategies. Recent strategies to mitigate defects at the CdS/SbaSes
interface include post-deposition selenium treatments and alkali metal
doping, such as lithium incorporation into the CdS layer, followed by a
CdCl; monolayer insertion to improve interface quality [42]. Tellurium
alloying in SbySes has also been shown to adjust the Sb/Se ratio and
suppress Sbg. defect formation [43]. Additionally, photo-annealing has
emerged as a promising technique to promote atomic rearrangement,
enhancing lattice matching and reducing interfacial defect density,
particularly Sbg. antisites [41]. Together, these approaches underscore
the importance of targeted defect passivation and interface engineering
in improving SbySes solar cell performance.
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4. Conclusions

This study established an optimized growth protocol for SbySes
absorber films deposited via vapor VTD method by incorporating Ar gas
to regulate the growth rate and optimizing the source-to-substrate dis-
tance (Dso.sub) to achieve uniform and compact grain growth on CdS
ETL. SbsSes films were deposited on both chloride-processed and non-
chloride-processed CdS (Cl-CdS, Non-CI-CdS), allowing for a compara-
tive analysis of their structural properties and solar cell performance.
XRD analysis confirmed a predominant hk1 orientation in SbySes films,
largely independent of Dg,.syp variations. However, surface morphology
studies revealed that films deposited at Dgo.sup < 3 cm exhibited sig-
nificant roughness, whereas films at Dg,.syp > 8 cm displayed inhomo-
geneous grains and a dispersed structure. An optimal Dgq.gyp of ~6 cm
resulted in uniform, compact, and well-structured SbySes grains.
Superstrate-configuration solar cells (glass/FTO/CdS/SbaSes/Au)
fabricated with Cl-CdS and with absorber deposited at Dg,.syp Of ~6 cm
achieved a PCE of 5 %, representing an ~10 % improvement over CdS/
SbySes devices with Non-Cl-CdS. A comprehensive analysis with con-
siderations of the underlying physicochemical factors (including ther-
modynamic aspects) responsible for the enhanced properties of the VTD-
grown SbySes absorber, related interface, as well as their implications to
overall device functionality was provided. Temperature-dependent
open-circuit voltage (Voc) studies indicated decreased interface
recombination in the CdS/Sb,Ses device with Cl-CdS ETL compared to
the device Non-Cl-CdS. Dark J-V analysis estimated a trap density of
10" cm 3, lower than previously reported values, confirming the high
quality of SbySes films deposited through optimized VID processing.
Voltage-dependent admittance spectroscopy suggested a reduction in
activation energy with increasing bias, suggesting that interface defects
still contribute to the performance limitation. These findings highlight
the critical role of deposition parameters, particularly Dsy.syp and
growth rate, in enhancing SbySes film growth and solar cell perfor-
mance. However, persistent interface defects at the CdS/Sb,Ses junction
remain a challenging factor, necessitating further interface engineering
strategies to minimize recombination losses and improve device
efficiency.
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