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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 (Sb2Se3) solar cells, a promising thin-film PV technology within the 
broader class of antimony chalcogenide-based absorbers. Sb2Se3 exhibits several 
advantageous properties that make it highly suitable for next-generation photovoltaics, 
including earth abundance, low toxicity, a high absorption coefficient (~105 cm–1),  
a favourable direct bandgap of approximately 1.2 eV, and relatively low processing 
temperatures (~500 °C). As a simple binary compound, Sb2Se3 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 (Sb4Se6)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 Sb2Se3-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 Sb2Se3 
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 
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VTD makes them suitable for large-area deposition, positioning them as viable techniques 
for future commercialisation of Sb2Se3-based solar cells [5]. 

To achieve optimal power conversion efficiency (PCE) from Sb2Se3 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 Sb2Se3 solar 
cell fabrication. The choice was primarily motivated by the favourable band alignment 
between CdS and Sb2Se3, 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/Sb2Se3 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 II). 

Although CdS/Sb2Se3 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 Sb2Se3 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 Sb2Se3 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 CdCl2 or AlCl3 treatments on 
CdS and Sb2Se3, 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 Sb2Se3. In parallel, the deposition parameters of the Sb2Se3 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 Sb2Se3-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 Sb2Se3. The temperature-dependent admittance spectroscopy (TAS) 
measurement at different bias voltages confirmed the VSb and SeSb 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 (Sb2Se3, Sb2S3, and Sb2SSe3), 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 Sb2Se3 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 Sb2Se3 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/Sb2Se3 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/Sb2Se3 
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 Sb2Se3 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 Sb2Se3 solar cells. 
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Abbreviations 
PV Photovoltaics 
CIGS Copper Indium Gallium Selenide 
CZTS Copper Zinc Tin Sulfide 
IoT Internet of things 
BIPV Building-integrated PV 
Sb2Se3 Antimony Selenide 
Sb2S3 Antimony Sulfide 
Sb2(S,Se)3 Antimony Sulfoselenide 
Sb2X3  Antimony chalcogenide – Sb2Se3, Sb2S3, Sb2(S,Se)3 
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 
α Photo absorption coefficient 
TiO2 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 Ion Mass Spectroscopy 
VOC Open-circuit voltage 
JSC Short-circuit current density 
FF Fill factor 
PCE Power Conversion Efficiency 
EQE External Quantum Efficiency 



13 

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 
kB 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 
SeSb 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 104–105 cm–1, 
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. 

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 
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group includes perovskite, organic photovoltaic (OPV), quantum dot, and dye-sensitized 
solar cells (DSSC), as well as emerging materials like antimony chalcogenides (Sb2Se3, 
Sb2S3, Sb2(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 III–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 (>105 cm–1) [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 (>105 cm–1) in layers as thin as ~2 µm [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, Cu2ZnSnS4/Se4) 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 (>104 cm–1), 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 CuZn and SnZn 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 TiO2/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 MoO3 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., MA+, FA+, 
Cs+), B a divalent metal (Pb2+, Sn2+), and X a halide (Cl–, 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 Sb2S3 
and Sb2Se3, along with the ternary alloy Sb2(S,Se)3, 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]. 

Sb2Se3 and Sb2S3 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 Sb2Se3 
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, Sb2S3 absorber layers have 
demonstrated superior device performance when deposited using chemical deposition 
methods. One of the remarkable features of Sb2S3-based solar cells is their ability to 
achieve relatively high PCE with extremely thin absorber layers. This characteristic makes 
Sb2S3 particularly attractive for applications in BIPV, Internet of Things (IoT) devices, and 
indoor PV systems, where flexibility, transparency, and lightweight features are crucial 
[3], [83]. The highest reported efficiency for Sb2Se3 solar cells is 10.5% using the CBD 
method [73], while CSS-deposited Sb2Se3 devices have achieved efficiencies of up to 9.2% 
[84] and VTD-deposited ones achieved a maximum of 7.6% [85]. In comparison, Sb2S3 
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 Sb2Se3 absorber layers and their influence on device performance will be 
provided in Section 1.3 of this thesis. 

1.3 Sb2Se3 absorber 
Among the antimony chalcogenide solar cell materials, Sb2Se3 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 Sb2Se3 
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 Sb2Se3 films 
Sb2Se3 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 Å, b = 11.70 Å, and 
c = 3.962 Å) or alternatively Pnma (with a = 11.793 Å, b = 3.9858 Å, and c = 11.6478 Å. 
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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 (Se1, 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.  

Figure 4. a) Schematic diagram of the Sb2Se3 unit cell and crystallographic orientations b) [hk0] 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, c and d summarise the commonly observed 
orientations (001, hk0, and hk1) in Sb2Se3 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, Sb2Se3 is typically deposited on ETL’s such as CdS, 
ZnO, or TiO2, 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 Sb2Se3 films 
Sb2Se3 is predominantly considered a p-type semiconductor, attributed mainly to the 
presence of intrinsic defects such as selenium antisites (SeSb). It exhibits a high absorption 
coefficient exceeding 105 cm–1, 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, Sb2Se3 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 Sb2Se3 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 Sb2Se3 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/Sb2Se3 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 Sb2Se3 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 Sb2Se3 thin 
films to optimize carrier transport and minimise recombination losses in photovoltaic 
devices. 

1.3.3 Sb2Se3 thin film deposition techniques 

Chemical deposition techniques 
The chemical deposition of Sb2Se3 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 
Sb2Se3. 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/Sb2Se3/Spiro-
OMeTAD/Au) using spin-coated Sb2Se3 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 Sb2Se3 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 
Sb2Se3-based solar cells with a PCE of 7.6% in a similar FTO/CdS/Sb2Se3/Spiro-OMeTAD/Au 
architecture. 

CBD, although traditionally used for the deposition of CdS ETL’s, has also been 
explored for Sb2Se3 absorber layer fabrication. Zhao et al. reported a remarkable PCE of 
10.57% for a device employing CBD-deposited Sb2Se3, 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 Sb2Se3 
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 Sb2Se3 [101]. 

Physical deposition techniques 
These techniques for Sb2Se3 absorber layers are typically carried out under high vacuum 
conditions (10–3 to 10–6 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 Sb2Se3 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 Sb2Se3 
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 Sb2Se3 films with [hk0] 
orientation and a resulting PCE of 4% [102]. 

The RTE technique enables rapid deposition by evaporating the Sb2Se3 material at a 
fast rate (~1 μm/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 Sb2Se3 
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 Sb2Se3. Tang et al. [105] fabricated 
substrate configuration solar cells (glass/Mo/Sb2Se3/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 
Sb2Se3 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 Sb2Se3 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 Sb2Se3 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 ETL’s. Yang et al. fabricated superstrate 
configuration Sb2Se3 solar cells (FTO/SnO2/CdS/Sb2Se3/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 Sb2Se3 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 Sb2Se3 films 
The CSS method involves the direct sublimation of Sb2Se3 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 10–6 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 Sb2Se3 thin films. A detailed schematic of 
the reactor and deposition parameters used in this PhD work is provided in Chapter 2 of 
the thesis. 

Figure 5. Schematic diagram of the CSS system [109]. 
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Typically, the deposition rate exceeds 1 μm/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 N2 or Ar into the chamber. 

For Sb2Se3 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 Sb2Se3 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/MoSe2/Sb2Se3/TiO2/CdS/i-ZnO/AZO/Ag. 
In a superstrate configuration, Don et al. [110] achieved an efficiency of 8.12% using 
RF-sputtered TiO2 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/Sb2Se3/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 Sb2Se3 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 (N2) 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 Sb2Se3 films for this thesis research is provided in Chapter 2. 

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 Sb2Se3 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/Sb2Se3/Au). 

When comparing VTD with CSS, it is evident that both methods are capable of 
producing vertically oriented Sb2Se3 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, Sb2Se3, Sb2S3, and Sb2(S,Se)3, ETL 
selection is guided by band alignment and optoelectronic properties, which dictate 
charge extraction and recombination behaviour. Common ETL materials include CdS, 
TiO2, ZnO, SnO2, 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 Sb2Se3 thin-film solar cells 
In Sb2Se3 solar cells, the lattice mismatch between CdS and Sb2Se3 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 Sb2Se3 absorber layer. Deposition under oxygen-rich 
conditions has been reported to passivate dangling bonds at the CdS/Sb2Se3 interface, 
thereby reducing interface defect density and improving device performance [124]. 
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Figure 7. Schematic of the band alignment of Sb2Se3 solar cells with various ETL (SnO2,TiO2, 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 Sb2Se3 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 Sb2Se3-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 Sb2Se3 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 Sb2Se3.
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Table 1. The effect of different parameters on the optoelectronic properties of CdS films. 

No. Factor Effect on band 
gap 

Bandgap 
(eV) 

Carrier 
concentration 
(/cm3) 

Resistivity 
(Ω.cm) 

Mobility 
(cm2.V-1 .S-1) 

Ref 

1. Thermal
Annealing

Decreases 
band gap due 
to improved 
crystallinity 

2.43-2.57 1015-1017 10-102 1-50 [138], [139], 
[140], [141] 

2 Substrate 
temperature 

Slight increase 
in band gap 

2.42-2.48 1016-1018 10-1-10 5-80 [142], [143], 
[144] 

3. Doping (Zn-La) Zn↑, La↓ 
bandgap 

2.09-2.5 1017-1019 10-2-10 10-100 [137], [145] 

4. Deposition
method

Morphology 
dependent 

2.35-2.5 1015-1017 10-104 0.1-10 [137], [141], 
[142], [143], 
[145], [146] 

5. Thickness/
crystalline size

Blue shift with 
reduced size 

2.42-2.5 1015-1016 102-104 0.1-5 [143], [145], 
[146] 

6. Chlorine
incorporation

Increase at 
particular 
conc. 

2.45-2.47 1013-1014 104 NA Publication II 
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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 2.2×10–3 Ω.cm and carrier concentrations of 8.3×1012 cm–3 [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 Sb2Se3 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 (<103 Ω.cm) and high carrier 
concentrations (>1016 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[(SPiPr2)2N]2 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 CdCl2, 0.01 mol/L Na2S2O3, 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(O2CCH3)2(H2O)2), cadmium sulfate 
(CdSO4) 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, NH4Cl, Na3C6H5O7), 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 ETL’s 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 Sb2Se3 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 H2) has helped to fine-tune the electrical as well as the 
structural properties to have better alignment and matching to CdTe as well as Sb2Se3 
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 
Sb2Se3 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/Sb2Se3 solar cells architecture and performance 
This section provides an overview of the most commonly used CdS/Sb2Se3 device 
architectures and their constituent layers, followed by a summary of the key performance 
achievements documented in the literature. 

CdS/Sb2Se3 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 Sb2Se3 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 Sb2Se3 absorber layer. 

Figure 10. a) superstrate and b) substrate configuration of CdS/Sb2Se3 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 Sb2Se3 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 Sb2Se3 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 Sb2Se3 
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 MoSe2 layer.  

CdS/Sb2Se3 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 Sb2Se3 absorber 
layer, each influencing the film quality, interface characteristics, and PCE. A comprehensive 
summary of the reported CdS/Sb2Se3 solar cells, highlighting the PV parameters obtained 
using different Sb2Se3 deposition methods, is presented in Table 2. 
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Table 2. An overview of CdS/Sb2Se3 solar cell performance using different deposition methods for the Sb2Se3 absorber layer. 

No. 
Sb2Se3 fabrication 

method 
Configuration Device architecture 

Device parameter 
Ref VOC 

(mV) 
JSC 

(mA/cm2) 
FF (%) 

PCE 
(%) 

1 Spin coating 

Superstrate FTO/CdS/Sb2Se3/SpiroOMeTAD/Au 312 21.6 48.2 3.3 [98] 

Superstrate FTO/CdS/S:Sb2Se3/SpiroOMeTAD/Au 258 19.5 41.2 2.06 [101] 
Superstrate FTO/CdS/Te:Sb2Se3/SpiroOMeTAD/Au 360 29.0 51.5 5.4 [101] 
Superstrate FTO/TiO2/CdS/Sb2Se3/SpiroOMeTAD/Au 340 27.2 41.9 3.9 [181] 

2 e-beam Substrate Mo/Sb2Se3/CdS/i-ZnO/ITO 371 22.41 51.4 4.2 [102] 

3 TE 
Superstrate ITO/CdS/O:Sb2Se3/Au 360 25.3 52.5 4.8 [124] 

Superstrate ITO/CdS/Sb2Se3/Au 290 20.9 46.0 2.8 [124] 
Substrate Mo/Sb2Se3/CdS/ZnO/ITO/Ag 427 17.11 58.15 4.25 [182] 

4 RTE 

Superstrate FTO/CdS/Sb2Se3/Au 401 25.10 55.7 5.6 [72] 

Superstrate FTO/CdS/Sb2Se3/MoO3/Au 410 27.45 56.82 6.33 [183] 

Substrate Mo/Sb2Se3/CdS/ZnO/Al:ZnO/Al 414 16.0 52.0 3.47 [184] 

Superstrate ITO/CdS/Sb2Se3/ PbS/Au 427 25.50 59.30 6.50 [185] 

Superstrate FTO/CdS/Si3N4/Sb2Se3/Au 348 31.47 50.32 5.52 [186] 

Superstrate ITO/CdS/Sb2Se3/Au 410 29.0 59.3 7.04 [187] 

5 VTD 
Superstrate ITO/CdS/Sb2Se3/Au 420 29.9 60.4 7.6 [85] 
Substrate Mo/Sb2Se3/CdS/ITO/Ag 513 24.56 58.74 7.4 [188]
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Substrate PI/ITO/CdS/Sb2Se3/Au 419 24.5 5 5.95 [101] 

Superstrate ITO/CdS/Sb2Se3/Au 425 29.0 59.8 7.37 [101] 

Superstrate ITO/CdS/Sb2Se3/CuSCN/Au 423 30.8 57 7.4 [189] 

Superstrate ITO/SnO2/CdS/Sb2Se3/Au 431.9 27.6 63.2 7.5 [190] 

6 CSS 

Substrate Mo/MoSe2/Sb2Se3/CdS/i-ZnO/Al:ZnO/Ag 400 32.58 70.3 9.2 [84] 
Superstrate FTO/CdS/Sb2Se3/C:Ag 377 25.68 43.0 4.16 [191] 

Substrate FTO/CdSe/Sb2Se3/C:Ag 354 27.57 46.13 4.51 [191] 

Superstrate FTO/CdS/Sb2Se3/VOx/Au 409 31.62 48.96 6.33 [192] 

Superstrate FTO/CdS/Sb2Se3/Au 358 31.89 48.52 5.53 [192] 

Superstrate FTO/CdS/Sb2Se3/NiOx/Au 410 30.94 57.26 7.29 [111] 

Superstrate FTO/CdS/Sb2Se3/Au 400 29.62 55.63 6.64 [111] 

Superstrate FTO/CdS/Sb2Se3/C/Ag 414 29.11 50.8 6.12 [193] 

Superstrate FTO/CdS:O/Sb2Se3/C/Ag 432 29.87 54.0 7.01 [193] 

7 Sputtering 

Substrate Mo/Sb2Se3/CdS/ITO/Ag 455 22.75 59.5 6.15 [106] 

Substrate Mo/Sb2Se3/CdS/ZnO/Al:ZnO/Ag 437 15.93 48 3.35 [194] 

Substrate Mo/Sb2Se3/CdS/ITO/Ag 494 25.91 47.73 6.06 [91] 

Superstrate ITO/CdS/Sb2Se3/Au 270 9.47 33.26 0.84 [101]
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Substrate Mo/Sb2Se3/CdS/ITO/Ag 448 24.95 53.2 5.52 [105] 

Substrate Mo/Sb2Se3/CdS/ITO/Ag 504 24.91 54.47 6.84 [195] 

Substrate Mo/Sb2Se3/CdS//i-ZnO/Al:ZnO/Ag 505 27.74 60.7 8.5 [196] 

Substrate Mo/Sn:Sb2Se3/I:Sb2Se3/ITO/Ag 280 22.45 34.51 2.17 [197] 

8 
Sputtering + 

PLD(selenisation) 

Substrate Mo/Sb2Se3/CdS/ITO/Ag 520 27.8 59.8 8.64 [107] 

Superstrate FTO/CdS/Sb2Se3/Au 318 26.81 42 3.58 [108] 

Superstrate FTO/SnO2/CdS/Sb2Se3/Au 329 28.87 46.4 4.41 [108]
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1.8 Post-deposition thermal annealing treatment of CdS ETL in Sb2Se3 
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 Sb2Se3 (Figure 
11) and CdTe absorber layers, thereby enhancing heterojunction quality in thin-film solar
cells [199].

Figure 11. growth diagram of Sb2Se3 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., H2, 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 H2 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 Sb2Se3 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 
ETL’s [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 Sb2Se3-based solar cells. For instance, Guo et al. 
investigated the effect of air annealing on thermally deposited CdS films and its impact 
on CdS/Sb2Se3 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/Sb2Se3 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 Sb2Se3 photovoltaic research. 

1.9 Post-deposition chloride treatment of CdS ETL in Sb2Se3 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 Sb2Se3, Sb2S3, 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 CdCl2 treatment has demonstrated notable improvements in 
device performance. This process typically involves the deposition of a thin (~20 nm) 
CdCl2 layer onto the CdS film, followed by the deposition of the Sb2Se3 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 Sb2Se3 
solar cells employing different ETLs. The highest reported PCEs for devices with 
untreated CdS, CdCl2-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 Sb2Se3-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 CdCl2-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 Sb2Se3 solar cells. 
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Figure 12. a) Evolution of Sb2Se3 solar cell efficiency with CdS, CdCl2-CdS and TiO2 ETLs and  

b) the corresponding number of publications. 

It is worth noting that promising PCE values have also been reported for CdS/Sb2Se3 
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 CdCl2-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/Sb2Se3 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/Sb2Se3 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 Sb2Se3 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 CdCl2-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/Sb2Se3 interface (Publication I). 
Furthermore, the impact of various metal halide-based PDT’s, including CdCl2 and AlCl3, 
has been explored as a strategy to optimise both the interfacial chemistry and the 
passivation of interface-related defect states in CdS/Sb2Se3 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 CdCl2 for CdS/Sb2Se3 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 Sb2Se3. Specifically, intrinsic Sb2Se3 crystals synthesised from elemental 
precursors demonstrated n-type conductivity upon intentional doping with MgCl2, 
highlighting chlorine’s ability to modulate electrical properties [97]. Additionally, 
interdiffusion processes occurring at the CdS/Sb2Se3 interface have revealed that Cd 
diffusion from CdS into Sb2Se3 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 CdCl2 treatment in air at ≥400 °C or chlorine 
doping strategies for improving the CdS/Sb2Se3 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 CdCl2 PDT 
(or alternative halide-based treatments) concerning their effect on CdS film quality and 
the final PCE of CdS/Sb2Se3 devices, regardless of whether the architecture is superstrate 
or substrate configuration; (ii) Several studies, conversely, report a positive correlation 
between CdCl2-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 CdCl2 PDT (especially in air at 
400 °C) to the CdS/Sb2Se3 system remains highly questionable. In our preliminary 
investigations to replicate the CdCl2 PDT within our laboratory, CdCl2 was spin-coated 
onto CBD-CdS films, followed by annealing at 400 °C in ambient air for 30 minutes. Sb2Se3 
absorber layers were deposited onto these CdS layers by CSS or VTD method, but the 
Sb2Se3 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/Sb2Se3 solar cells, should be systematically 
investigated to gain advance understanding in this area. 

1.10 Defects in CdS/Sb2Se3 solar cells 
Sb2Se3 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/Sb2Se3 solar cells (Figure 13), among the various defect types, the most frequently 
reported are selenium vacancies (VSe), antimony antisites (SbSe), selenium antisites (SeSb), 
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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. SeSb 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). 

Figure 13. Statistical study of the defects reported in articles for a) CdS/Sb2Se3 and b) CdS/CdCl2/Sb2Se3 
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 Sb2Se3, contributing to increased 
carrier recombination and degradation of VOC. Nu merous 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 SbSe defect at 426 meV. Lin et al. documented a VSe defect with 
EA of 321 meV and a defect density of ~1016 cm–3. 

To address the prevalence of VSe defects, post-deposition selenium treatments have 
been widely investigated. These treatments aim to compensate the selenium loss in 
Sb2Se3 films, thus mitigating VSe-induced recombination. However, such strategies can 
also lead to the emergence of secondary defects, including VSb, SeSb, and Sei. Among 
these, the SeSb 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 SeSb defect density of 1016 cm–3, while Luo et al. reported a SeSb defect with an 
EA of 566 meV. 

A comparative review of literature focused on CdCl2-treated C dS/Sb2Se3 s olar c ells 
(Figure 13b) shows that SeSb 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 SeSb defects in interface-engineered 
CdS/Sb2Se3 devices. For example, Chen et al. identified a SeSb defect with an EA of 0.11 eV 
and a density of ~1016 cm–3. 

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/Sb2Se3 solar cells. Nevertheless, a detailed understanding of 
defect formation and suppression in these NH4Cl-treated s ystems r emains l 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/Sb2Se3 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. Sb chalcogenides (Sb2S3, Sb2Se3, and Sb2(S,Se)3) 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, Sb2Se3 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. Sb2Se3 crystallizes in an orthorhombic lattice of quasi-1D (Sb4Se6)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 
(>105 cm–1) and anisotropic transport, Sb2Se3 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 Sb2Se3 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. CdS is a II–VI direct bandgap semiconductor (~2.4 eV) widely used as the ETL in 
Sb2Se3 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 (1015–1018 cm–3 carrier concentration, 
0.1–100 cm2.V–1.S–1 mobility), with properties tunable via deposition, annealing, 
or doping, ensuring transparency and band alignment suitable for Sb2Se3 ETLs. 

6. CdS/Sb2Se3 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 
Sb2Se3 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 Sb2Se3 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 CdCl2, has been adapted from CdTe to
Sb2Se3 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. Sb2Se3 solar cells are strongly affected by intrinsic and extrinsic defects such as
VSe, SbSe, SeSb, 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 SeSb becomes dominant after CdCl2 treatment (~50%). The selenium
treatments and interface engineering have been explored to suppress these
defects.

Based on the literature review of CdS/Sb2Se3 solar cells, several critical research gaps 
were identified: 

1. Post-Deposition Treatment (PDT) of CdS in Sb2Se3 solar cells
Although PDT is well established in CdTe and CIGS technologies for improving ETL quality, 
systematic studies exploring its role in CdS/Sb2Se3 heterojunctions remain limited. 
Specifically, the effects of annealing environment (air and vacuum) and temperature on 
CdS film properties and subsequent Sb2Se3 growth have not been comprehensively 
addressed. 

2. Chlorine incorporation into CdS films
While thin interfacial CdCl2 or AlCl3 treatment between CdS and Sb2Se3 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 Sb2Se3 device performance remain poorly understood. 

3. Optimisation of Sb2Se3 deposition by VTD
VTD is recognised as a scalable technique capable of producing vertically oriented Sb2Se3 
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/Sb2Se3 interface
A lack of detailed defect characterization hampers the understanding of recombination 
mechanisms at the CdS/Sb2Se3 interface. In particular, the distinction between bulk and 
interface-related defects in Sb2Se3 (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 Sb2Se3 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/Sb2Se3 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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1. 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 Sb2Se3 absorber growth
deposited by CSS and device performance.

2. Develop an alternative strategy to conventional CdCl2 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/Sb2Se3 device performance.

3. Optimise the VTD process for Sb2Se3 absorbers by systematically investigating
the influence of source-to-substrate distance and carrier gas flow on Sb2Se3 film
quality and device performance.

4. Compare CdS/Sb2Se3 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.

5. Provide possible mechanisms on the interlink between the processing of CdS
ETL, Sb2Se3 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 
Sb2Se3 thin films, as well as for evaluating the PCE of CdS/Sb2Se3 devices, is presented. 

2.1 Fabrication of CdS and Sb2Se3 thin films and CdS/Sb2Se3 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 /Sq on a soda lime glass substrate of  
2 mm thickness. These purchased glass/FTO substrates were cut into 20×20 mm (for 
Publication I) and 18×18 mm (for publications II and III). These substrates were immersed 
in a degreasing solution containing 10g of potassium dichromate (K2Cr2O7), 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)2SO4 (0.7 M), NH4Cl (0.1 M (publication II), 0, 1, 2, 4 
and 8 mM (publications II and III), NH4OH (30 mM), and thiourea (10 mM) dissolved in 
de-ionized (DI) water at 85 °C (publication I) 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. 

 
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 I, 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 ~10−5 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. 

Sb2Se3 film deposition by close-spaced sublimation (CSS) 
In publication I, the absorber layer Sb2Se3 was deposited using a close-spaced sublimation 
technique. A schematic diagram of the CSS reactor is shown in Figure 15. Sb2Se3 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 μm/min. 
A thickness of ~1.5 μm was optimised. 

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

Sb2Se3 film deposition by vapor transport deposition (VTD) 
In publications II and III, Sb2Se3 films were deposited on the glass/FTO/CdS substrates 
with different chlorine concentrations by VTD using a three-zone tubular furnace (Carbolite) 
(Figure 16). Sb2Se3 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 10–5 mbar. The substrate-to-source distance was varied 
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(2, 3, 6, 10 cm). In publication III, 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 1×10–3 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 μm. In publication III, 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 10–2 mbar to stop the deposition of Sb2Se3 films. The quartz tube was allowed to 
cool down to 30 °C, and then it was ventilated to take the sample outside. 

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/Sb2Se3/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 ~10–5 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 mm2 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.

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 Sb2Se3 thin films were
analysed by X-ray diffractogram. The Rigaku Ultima IV system using monochromator Cu
Kα radiation (λ = 1.54 Å, 40 kV, 40 mA) equipped with D/teX Ultra silicon line detector in
the 2θ (Bragg-Brentano) regime using a 2θ 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 Sb2Se3 films were analysed using SEM 
analysis. For publications I and III, 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 II, 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 II, the contact potential difference (CPD) in the dark and under the 
illumination of CdS and Sb2Se3 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) × 10-3 + WFref (1) 
As the WF reference (WFref), 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 WFlight and WFdark. The second part of the SKP 
experiment was the mapping of WF across the scanned area of 4.89×4.89 mm2 using a 
matrix of 12×12 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 II, 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 500×500 mm2. 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 ΔT = 10 K using a Wayne Kerr 6500B impedance analyser. 
Impedance Z and phase angle θ were measured as a function of frequency ƒ and 
temperature T. Frequency ƒ 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/Sb2Se3 solar cells 
The performance of superstrate configuration solar cells with a Glass/FTO/CdS/Sb2Se3/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/cm2). 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, II and III. Section 3.1 focuses 
on the optimisation of the post-deposition annealing treatment of CdS films and its effect 
on CdS films and CdS/Sb2Se3 solar cells (publication I). Section 3.2 focuses on the  
impact of in situ chlorine incorporation on the CdS films and CdS/Sb2Se3 solar cells 
(publication II). Section 3.3 focuses on the optimisation of the VTD method through 
source-to-substrate distance adjustment and Ar gas incorporation to control the growth 
rate of the Sb2Se3 films and their dependence on CdS/Sb2Se3 solar cells and their defects 
(publication III). 

3.1 Impact of post-deposition annealing treatment of CdS films on its 
properties and CdS/Sb2Se3 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/Sb2Se3 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 2θ 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 2θ 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 2θ 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 2θ 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 CdSO4 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 
(CdSO4), which usually forms within the CdS lattice and later reacts with atmospheric 
oxygen during air annealing [133], [217]. 

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)₂ 
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)2 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 2θ 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 CdSO4 can 
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/Sb2Se3 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 4.4×1015 cm–3, 
electron mobility of 5 cm2/Vs, and a resistivity of 2.8×102 Ω.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  Ω.cm for air annealing and from 3.2 to 0.2 Ω.cm for vacuum annealing.
Concurrently, the carrier concentration increases by approximately one order of
magnitude, from 1017 to 1018 cm–3 in the case of air annealing, and from 1018 to
1019 cm–3 under vacuum conditions.

ii. At 300 °C annealing temperature, a reverse trend is observed, where resistivity
increases to 45 Ω.cm and 8.5 Ω.cm, while the carrier concentration decreases
by an order of magnitude to 1017 cm–3 for air-annealed films and 1018 cm–3 for
vacuum-annealed films.

iii. In the high-temperature regime of 350 °C–400 °C, a pronounced increase in
resistivity is observed: from 7.7×103 to 4.2×104 Ω.cm for air annealed samples
and from 4.6×101 to 1×104 Ω.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.
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Table 3. Electrical properties of CdS films annealed at different annealing temperatures in air and 
vacuum. 

 T(°C) 
Air Vacuum 

Carrier Conc. 
 (cm-3) 

Mobility 
(cm2/Vs) 

Resistivity 
(Ω cm) 

Carrier Conc. 
(/cm3) 

Mobility 
(cm2/Vs) 

Resistivity 
(Ω cm) 

No 
annealing 

4.4×1015 5 2.8×102 4.4×1015 5 2.8×102 

200 6.3×1017 3.1 4.2 1.7×1018 1.2 3.2 

250 3×1018 3.3 2.6 1.4×1019 2.2 2×10-1 

300 2.1×1017 0.7 4.5×101 8.5×1017 0.9 8.5 

350 1.6×1013 6.1 7.7×103 1.2×1018 1.0 4.6×101 

400 1.2×1010 12 4.2×104 5×1011 13 1×104 

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 ~1010 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]. 



56 

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 2.42 eV. 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 Sb2Se3 film properties 
As a step towards the fabrication of a solar cell device, Sb2Se3 absorber films were 
deposited on a glass/FTO/CdS stack by CSS method and the structure and morphology of 
Sb2Se3 films were analysed. Figure 23 shows the XRD patterns and texture coefficients 
(TC) of Sb2Se3 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): 

𝑇𝑇𝑇𝑇 = 𝐼𝐼 (ℎ𝑘𝑘𝑘𝑘)
𝐼𝐼0(ℎ𝑘𝑘𝑘𝑘)

× � 1
𝑁𝑁
∑ 𝐼𝐼(ℎ𝑖𝑖𝑘𝑘𝑖𝑖𝑙𝑙𝑖𝑖)

𝐼𝐼0(ℎ𝑖𝑖𝑘𝑘𝑖𝑖𝑙𝑙𝑖𝑖)
𝑛𝑛
𝑖𝑖=0 �

−1
  (2)

XRD analysis of the Sb2Se3 thin films revealed prominent diffraction peaks at 2θ 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 Sb2Se3. In films where Sb2Se3 
was deposited on air-annealed CdS substrates, a preferential growth along the (002) 
plane was observed. This orientation was especially pronounced for Sb2Se3 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, Sb2Se3 films deposited on 
vacuum-annealed CdS layers exhibited a consistent (221) orientation across all annealing 
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temperatures. These observations suggest that Sb2Se3 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 Sb2Se3 samples. 
For instance, although the (221) reflection appears slightly more intense in Sb2Se3 layers 
grown on CdS annealed under vacuum at 400 °C, the overall distribution of diffraction 
intensities suggests that the films are predominantly randomly oriented. 

Figure 23. a) XRD spectrum and b) texture coefficient of Sb2Se3 on CdS annealed in vacuum and air 
at 200 °C and 400 °C. 

One plausible explanation for the enhanced 002 texture in Sb2Se3 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 Sb2Se3, 
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 Sb2Se3 layer.  
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Figure 24. SEM images of superstrate configuration glass/FTO/CdS/Sb2Se3 stack with CSS 
Sb2Se3 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 Sb2Se3 grains deposited on CdS films, 
surface and cross-sectional SEM images of CdS/Sb2Se3 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 Sb2Se3 films 
deposited on annealed CdS layers. In contrast, when Sb2Se3 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 Sb2Se3 
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 Sb2Se3 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 Sb2Se3, 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 Sb2Se3 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 
Sb2Se3. 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 Sb2Se3 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 Sb2Se3 
absorber. 

3.1.3 The effect of CdS post-deposition annealing on CdS/Sb2Se3 solar cell 
properties 
In this section, solar cells were fabricated using a superstrate device architecture 
consisting of glass/FTO/CdS/Sb2Se3/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. 

Figure 25. a) JV characteristics and b) EQE of CdS/Sb2Se3 solar cells with as-deposited, air and vacuum 
annealed CdS at 200 °C, c) Ionization potential of Sb2Se3 d) activation energy calculated from VOC–T 
plot, e) band alignment of FTO/CdS/Sb2Se3/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 ≥250 °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/cm2, 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/Sb2Se3 solar cells with as-deposited, 
vacuum and air annealed at 200 °C, CdS films. 

No. 
CdS annealing 

condition 
Photovoltaic parameters 

VOC (mV) JSC (mA/cm2) FF (%) PCE (%) 
1. As deposited 230 13.7 39 1.2 
2. Vacuum 200 °C 260 16.4 44 1.8 
3. 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/Sb2Se3 [4], [207] 
and CdTe/CdS [179], [219], [220] heterostructures, and is often attributed to intermixing 
between the CdS and the absorber layers (Sb2Se3 or CdTe), leading to the formation of a 
CdS1-XSeX or CdTe1-XSX solid solution at the heterojunction interface. 

Figure 26. Main photovoltaic parameters, including a) open circuit voltage (VOC), b) short circuit current 
density (JSC), c) fill factor (FF), and d) photoconversion efficiency (PCE) with average values (marked as 
hollow squares) measured for Sb2Se3 devices. 

In this research (publication I), 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 Sb2Se3 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/Sb2Se3 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/Sb2Se3 interface in these devices was 
minimal. 

For the top-performing device, the ionisation potential (IP) values for both the Sb2Se3 
absorber and CdS ETLs were determined through linear extrapolation from the valence 
band edge photoemission to 0 eV. A representative fitting for the Sb2Se3 layer is shown in 
Figure 25c, yielding an IP of 5.42±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 Sb2Se3, 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 Sb2Se3 
(~1.2 eV). This discrepancy indicates that significant recombination occurs at or near the 
CdS/Sb2Se3 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 Sb2Se3 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/Sb2Se3 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/Sb2Se3 solar cells, are presented and 
discussed. Furthermore, the deposition method for Sb2Se3 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. 

Figure 27. (a-e) Surface SEM images of CdS films prepared with 0, 1, 2, 4, and 8 mM NH4Cl in the CBD 
precursor, (f) XRD pattern of CdS with different NH4Cl concentration, (g) Variation of (002) peak of CdS 
films with different NH4Cl 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 Cl⁻ 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 
CdCl2 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 2θ position, indicating minimal structural variation within the NH4Cl 
concentration range. However, the sample with 8 mM NH4Cl exhibited a shift of the 
002 peak toward a lower 2θ 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 2θ values was 
observed. This peak displacement was observed in CdS films subjected to different 
annealing environments (Publication I) 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 I, 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. 

Figure 28. (a) Tauc plots, showing the variation in bandgap of CdS films processed with 0–8 mM 
NH4Cl 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 104 Ω cm, consistent with values previously reported 
by Hiie et al. [225]. A notable increase in resistivity was observed upon the introduction 
of 1 mM NH4Cl, rising from 3.6×104 to 8.3×104 Ω cm. However, a sharp reduction in 
resistivity occurred when the NH4Cl concentration was increased to 2 mM, dropping to 
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3.3×104 Ω 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 3.3×104 
to 5.0×104 Ω cm. This abrupt reduction in resistivity from 1 mM to 2 mM NH4Cl may be 
attributed to the incorporation of Cl– 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 1.3×1014 cm–3 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 8.4×1012 cm–3. Notably, the CdS film with 2 mM NH4Cl exhibited both 
the highest carrier concentration (1.3×1014 cm–3) and the lowest resistivity (3.3×104 Ω 
cm), whereas the film with 1 mM NH4Cl showed the highest resistivity (8.3×104 Ω cm) 
and the lowest carrier concentration (3.4×1010 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. 

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)2 → 𝐶𝐶𝑑𝑑𝑛𝑛+1𝑆𝑆𝑛𝑛2(𝑂𝑂𝑂𝑂)2𝑉𝑉𝐶𝐶𝐶𝐶   (3) 
2𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂4 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙2 + (𝑁𝑁𝐻𝐻4)2𝑆𝑆𝑂𝑂4 (4) 

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙2 → 𝐶𝐶𝑑𝑑𝑛𝑛+1𝑆𝑆𝑛𝑛2𝐶𝐶𝑙𝑙2𝑉𝑉𝐶𝐶𝐶𝐶  (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 CdCl2, 
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 VCd2– 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 × 1013 cm–3 (Figure 28b). An incorporation of 1 mM NH4Cl 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)2– (which is 
generated by incorporation of both, and Cd(OH)2 (equation 3), CdCl2 (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)2– at the given incorporated CdCl2 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 NH4Cl, 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 
NH4Cl 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 
4.45 eV Figure 29c), with minor fluctuations likely influenced by local surface 
morphology. Similarly, the 4 mM NH4Cl-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 NH4Cl-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 NH4Cl, 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 NH4Cl-CdS sample, the CdS 
films exhibited comparable and uniform work function distributions in both dark and 
illuminated states. The 1 mM NH4Cl-CdS film uniquely demonstrated localised regions of 
higher work function. 
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Figure 29. (a, b, c, d, e) dark and (f, g, h, i, j) light condition work function distribution of CdS films 
at 0, 1, 2, 4, and 8 mM NH4Cl in order (k) Variation of work function (WF) and surface photovoltage 
(SPV) with the change in NH4Cl 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 Sb2Se3 film 
properties 
As a continuation toward complete solar cell fabrication, Sb2Se3 absorber layers with an 
average thickness of approximately 1 μm were deposited on glass/FTO/CdS substrates by 
VTD method. These substrates included CdS ETLs synthesized with varying NH4Cl 
concentrations during CBD, enabling an investigation of how the modifications in the CdS 
layer influence the structural and morphological characteristics of the overlying Sb2Se3 
absorber films. 

Figure 30. (a-e) Surface SEM images of Sb2Se3 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 NH4Cl-CdS/Sb2Se3 structure (g) 
XRD pattern of Sb2Se3 on CdS with 1 mM NH4Cl concentration. 

The SEM images of Sb2Se3 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 Sb2Se3 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 Sb2Se3 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 Sb2Se3 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 Sb2Se3, 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 Sb2Se3 films suitable for photovoltaic applications. 

3.2.3 Elemental composition of Cl incorporated CdS and CdS/Sb2Se3 interface 
To elucidate the elemental composition CdS films deposited with varying NH4Cl 
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 Cd2+ 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 NH4Cl-CdS samples b) Cd/Sb ratio at NH4Cl-CdS/Sb2Se3 interface c) S/Cl ratio 
of 0, 1, 8 mM NH4Cl-CdS samples. 

The elemental distribution and interfacial interdiffusion within the CdS/Sb2Se3 
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 Sb121, Se80, Cl35, Cd114, S32, and F19

for the solar cell incorporating 1 mM NH4Cl-CdS. The depth-resolved profiles confirm the 
distinct presence of constituent elements corresponding to the Sb2Se3 absorber and CdS 
ETLs. Notably, the Cl35 signal detected within the 1 mM NH4Cl-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/Sb2Se3 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 NH4Cl 
exhibited a more gradual slope at the CdS leading edge compared to the 0 mM sample, 
indicating enhanced Cd diffusion into the Sb2Se3 absorber. Interestingly, this interdiffusion 
does not appear to scale linearly with Cl concentration; the 1 mM NH4Cl-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 
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quality. Compared with earlier reports, Wen et al. [85] have reported a remarkable PCE 
of 7.6% using a similar Sb2Se3 absorber deposited by the VTD 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/Sb2Se3 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/Sb2Se3 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/Sb2Se3 
solar cell properties 
As the next step, Sb2Se3-based solar cells were fabricated in a superstrate configuration 
(glass/FTO/CdS/Sb2Se3/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. 

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/Sb2Se3 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 NH4Cl (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 NH4Cl) CdS as ETL, resulted in the best performance. 

The improved performance of the solar cells with 1 mM NH4Cl-CdS depends on 
several mechanisms that happen to the CdS as well as the CdS/Sb2Se3 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/Sb2Se3 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 NH4Cl-CdS/Sb2Se3 sample confirmed an extensive diffusion 
of Cd atoms into the Sb2Se3 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 Sb2Se3 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 Sb2Se3 occurring as result of higher temperature deposition of Sb2Se3 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 NH4Cl-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 Sb2Se3 films; 
different research groups are trying to overcome these problems through different 
methods. There are reports on the incorporation of Al3+ [7], [82] heterojunction annealing 
[107] and CdCl2 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 Sb2Se3 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 Sb2Se3 absorber, specifically by adjusting the 
source-to-substrate distance and incorporating argon (Ar) as a carrier gas. 

3.3 Impact of Sb2Se3 growth rate via VTD on defect formation and PV 
performance of CdS/Sb2Se3 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 Sb2Se3 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 Cl-CdS and Non-Cl-CdS. 
Similarly, solar cells incorporating these respective ETLs are denoted as Cl-CdS SCs and 
Non-Cl-CdS SCs. 

3.3.1 The influence of DSo-Sub and growth rate during VTD on Sb2Se3 film 
properties 

Structure and morphological properties 
In the preceding study (Section 3.2), the VTD of Sb2Se3 was carried out with a fixed  
DSo-Sub of 10 cm, yielding a moderate and reproducible deposition rate of approximately 
0.16 µm/min. Building upon these initial findings, this section's study aims to further 
optimise the VTD growth rate while maintaining a constant Sb2Se3 absorber thickness of 
0.8±0.1 µm. To this end, the DSo-Sub 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 µm/min, respectively. 
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Figure 33. a) & c) XRD pattern and Texture coefficient of Sb2Se3 films (constant thickness of ~0.8 µm) 
deposited on Non-Cl-CdS films at 3, 4, 6 and 10 source to substrate VTD distance (DSo-Sub), b) & d) XRD 
pattern and Texture coefficient of Sb2Se3 films deposited on Cl-CdS films at 3, 4, 6 and 10 DSo-Sub. 

The XRD patterns, shown in Figure 33 a and b, indicate that all films exhibit crystalline 
features characteristic of orthorhombic Sb2Se3, 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 2θ 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 hk1 orientation of Sb2Se3 films deposited via VTD, 
regardless of the employed Cl-CdS, Non-Cl-CdS, or the DSo-Sub. Notably, the Sb2Se3 films 
deposited on  Cl-CdS films displayed more consistent TC values across varying DSo-Sub 
compared to films deposited on Non-Cl-CdS films, suggesting enhanced uniformity in the 
structural properties. 
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Figure 34. a-d) Surface SEM images of Sb2Se3 films deposited on Non-Cl-CdS films at 3, 4, 6 and 10 cm 
DSo-Sub (e-h) Surface SEM images of Sb2Se3 films deposited on Cl-CdS films at 3, 4, 6 and 10 cm DSo-Sub. 

The crystallographic orientation of Sb2Se3 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 Sb2Se3, 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 Sb2Se3 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 Sb2Se3 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, Sb2Se3 films deposited on Cl-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 Sb2Se3 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/Sb2Se3 solar cells 
The Sb2Se3 solar cells were fabricated in a superstrate configuration with Cl-CdS and 
Non-Cl-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-Sub. 

No. Solar cell DSo-Sub 
(cm) 

Device parameters 

VOC (mV) JSC (mA/cm2) FF (%) PCE (%) 

1. 
SC with 
non-Cl-

CdS 

3 360 22.7 53.9 4.4 

4 350 23.0 55.1 4.4 

6 364 23.9 53.1 4.6 

10 355 23.5 51.7 4.3 

2. 
SC with Cl-

CdS 

3 353 19.6 55.4 3.8 

4 351 19.8 53.8 3.7 

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-Cl-CdS ETLs (Non-Cl-CdS SCs), the VOC 
exhibited a non-linear dependence on the DSo-Sub during the VTD growth of Sb2Se3. 
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/cm2, FF of 56.4%, and a corresponding 
PCE of 4.6%. At a DSo-Sub of 10 cm, the efficiency declined marginally to 4.2%, indicating 
suboptimal growth conditions. 

In contrast, devices incorporating Cl-CdS ETLs (Cl-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/cm2 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/Sb2Se3 
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, c) FF and d) PCE of Non-Cl-CdS and Cl-CdS 
SCs at different DSo-Sub during VTD deposition. 

A notable decline in PCE was observed for Cl-CdS/Sb2Se3 SCs in comparison to their 
Non-Cl-CdS counterparts, particularly at DSo-Sub 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 Sb2Se3 deposition. At shorter 
DSo-Sub values (1–2 cm), significant re-evaporation of the Sb2Se3 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 Cl-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 Cl-CdS/Sb2Se3 devices at 
DSo-Sub of 3 and 4 cm. Although the earlier investigation utilised the CSS method for Sb2Se3 
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)2, 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-Cl-CdS films. 
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Despite this, it is important to emphasise that Cl-CdS films and the corresponding 
Cl-CdS/Sb2Se3 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. 

Figure 36. a) JV characteristics and b) EQE spectra of the best-performing Non-Cl-CdS and Cl-CdS 
SCs. Voc - temperature dependence for Non-Cl-CdS SC (c) and Cl-CdS (d) SCs. 

Figures 36a and 36b show the JV characteristics and EQE spectra of the best-
performing Cl-CdS and Non-Cl-CdS SCs, respectively. The Cl-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 Sb2Se3 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 TiO2 
(~3.2 eV), leads to increased parasitic absorption of incoming photons. Secondly, 
interfacial intermixing at the CdS/Sb2Se3 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 Sb2Se3 solar cells, particularly those 
fabricated via VTD, remains challenging. TiO2-based devices fabricated using alternative 
deposition techniques, such as CSS for Sb2Se3 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 Sb2Se3 devices 
incorporating TiO2 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 Sb2Se3 and TiO2. 

To further investigate the defect states in the devices, temperature-dependent VOC 
measurements were conducted for both best Cl-CdS and non-Cl-CdS-based Sb2Se3 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-Cl-CdS devices and 1.0 eV for the Cl-CdS devices. These values are in 
good agreement with the reported optical bandgap of Sb2Se3 (~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 Cl-CdS devices being closer to the bandgap 
suggests that recombination is more likely to occur within the bulk of the Sb2Se3 absorber, 
rather than at the interface. Conversely, the lower EA observed in Non-Cl-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 Cl-CdS solar cells 
consistently exhibited higher VOC values than their non-Cl-CdS counterparts. The relatively 
higher EA and improved VOC observed in Cl-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 Sb2Se3-based 
solar cells.  

3.3.3 Influence of thermodynamic conditions and VTD system geometry in 
Sb2Se3 film growth and device performance 
The thermodynamic parameters associated with the VTD process significantly influence 
the structural and morphological quality of Sb2Se3 thin films, thereby affecting the PV 
performance of the resulting devices. In the research study of publication III, a fixed 
absorber thickness of 0.8 µm was maintained across all depositions to isolate the effect 
of DSo-Sub on film properties. Despite the constant thickness, variations in deposition 
conditions, including growth rate, vapour supersaturation, and thermal gradient arising 
from different DSo-Sub configurations, introduced significant changes in the crystallographic 
and morphological characteristics of the Sb2Se3 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 ~1×10–3 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 DSo-Sub 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 Sb2Se3 was estimated using a well-established empirical 
relation (equation 6 ): 

log10(𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) = 9566
𝑇𝑇� + 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 (TSub) 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, 

𝑆𝑆 = 𝑃𝑃𝑣𝑣
𝑃𝑃𝑒𝑒𝑒𝑒�  (7)

This ratio for VTD deposition of the Sb2Se3 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 DSo-Sub values (3–6 cm), the vapor transfer rate and 
supersaturation are more balanced (S ≈ 2–5), and an optimal growth rate of ~0.4 µm/min 
was achieved at 6 cm DSo-Sub. These conditions promote the formation of well-sintered, 
large-grained Sb2Se3 films with improved grain size distribution and preferred 
crystallographic orientation. 

Furthermore, the use of Cl-treated CdS (Cl-CdS) substrates enhanced interfacial 
quality and grain growth. The Cl-CdS interface facilitates balanced interdiffusion of Cd 
into the Sb2Se3 layer, as verified by SIMS in earlier work (publication II). 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 Cl-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 
Sb2Se3-based solar cells. 
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3.3.4 The defect analysis of non-Cl-CdS and Cl-CdS based Sb2Se3 solar cells 
In this section, a detailed investigation of defect characteristics in Sb2Se3 solar cells 
fabricated with and without chloride-processed CdS ETL is presented. To facilitate this 
analysis, the best-performing devices from each group, Cl-CdS/Sb2Se3 and Non-Cl-
CdS/Sb2Se3 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: 

• 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.

• 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.

• 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.

Figure 37. Log(J)-log(V) plots deduced from dark J-V curves of Cl-CdS SCs (a) and Non-Cl-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 Sb2Se3 and identifying 
limitations in device performance. By enabling the extraction of quantitative metrics such 
as trap density (NT). NT in this research work was subsequently calculated by using the 
VTFL in the following Equation (8): 

NT = 2εε0VTFL
qL2

 (8)

where NT trap density is in cm–3, ε is the dielectric constant of Sb2Se3 (15.1), ε is the 
electric constant, VTFL is the trap-filling-limit voltage in V, q is electric charge in C, and L is 
the Sb2Se3 absorber thickness. In publication III, the VTFL 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-Cl-CdS and 
Cl-CdS Sb2Se3 SCs, respectively. A low VTFL 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 VTFL (>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 VTFL 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 VTFL values below 1.0 V, 
with the Cl-CdS SCs showing a slightly lower VTFL, 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 7×1014 cm–3 and 8×1014 cm–3 for the Non-Cl-CdS and 
Cl-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 Sb2Se3 absorber films fabricated via the optimized 
VTD method. Interestingly, the slightly lower NT value observed in the Non-Cl-CdS 
device suggests a reduced density of trap states, which may contribute to suppressed 
recombination losses both at the CdS/Sb2Se3 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 III, 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 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). 

Figure 38a-f presents the temperature and frequency-dependent capacitance (C-f-T) 
characteristics of Cl-CdS and non-Cl-CdS-based Sb2Se3 SCs, measured under three 
different bias voltages: 0.0 V, 0.2 V, 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–2. This plateau is consistent with the geometric 
capacitance of the devices, assuming a relative permittivity (dielectric constant) of ε ≈ 15 
for Sb2Se3, as reported in the literature. The observation of a well-defined single 
capacitance step in each C–f–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, 



83 

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 f0, 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]: 

𝜔𝜔0 = 2𝜋𝜋𝑓𝑓0 = 2𝜉𝜉0𝑇𝑇2 exp �− 𝐸𝐸𝐴𝐴
𝑘𝑘𝑘𝑘
�    (9) 

Where ξ0 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. 

Figure 39. 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. 

For the Cl-CdS-based Sb2Se3 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 
0 V, 0.2 V, and 0.4 V, respectively, as shown in Figure 39a. In comparison, the Non-Cl-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/Sb2Se3 
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 Sb2Se3, 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 (VSb) 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 
SeSb have also been predicted and experimentally inferred in Sb2Se3. 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 III, the activation energies extracted from TAS for both Cl-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 VSb 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 Sb2Se3 absorber layers. 

These findings regarding the defects presented in publication III indicate that 
additional performance improvements in Sb2Se3-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/Sb2Se3 junction. Among these, 
post-deposition selenium (Se) treatments have been shown to overcome the VSe 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 CdCl2 
monolayer between CdS and Sb2Se3, enhances interfacial quality by promoting chemical 
homogeneity and suppressing defect generation. Another strategy involves tellurium (Te) 
alloying within the Sb2Se3 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 Cl-CdS/Sb2Se3 solar cells achieving PCE 
approaching 5%, underscores the synergistic benefits of optimised VTD growth 
conditions for the Sb2Se3 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 II) confirmed the 
diffusion of Cd into the Sb2Se3 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 III. Moreover, 
Cl-treatment of the CdS ETL appears to support a more balanced interdiffusion of Cd and 
Cl into the Sb2Se3 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 III) underscore the 
critical influence of both optimised VTD parameters and chloride treatment of the CdS 
ETL on the performance of Sb2Se3-based thin-film photovoltaic devices. The synergistic 
effects of these approaches contribute significantly to improving the structural and 
optoelectronic quality of the Sb2Se3 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 Sb2Se3 
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 Sb2Se3 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/Sb2Se3 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 Sb2Se3 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/Sb2Se3 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 ~1018 to ~1011 cm–3 (vacuum) and ~1017 to ~1010 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.

2. The annealing conditions of CdS films strongly influenced the structural and
morphological properties of the CSS Sb2Se3 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 Sb2Se3 films grown on air-annealed
CdS films.

3. 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 Sb2Se3 absorber, along with
strong interfacial carrier recombination, remained major factors limiting device
efficiency.

4. An alternative approach to the challenging CdCl2 post-deposition treatment
of CdS in CdS/Sb2Se3 devices has been proposed, involving controllable Cl
incorporation in CdS films by systematically varying the NH4Cl concentration in
the CBD precursor solution from 1 to 8 mM.

5. Increasing the chlorine concentration maintained consistent structural and
morphological properties of CdS films but significantly modified their electrical
characteristics by changing carrier concentration from 1013 to 1012 cm–3.

6. Sb2Se3 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 Sb2Se3 retained pronounced
(221) orientation, independent of Cl content in CdS film.

7. SIMS provided clear evidence of Cl incorporation within the CdS lattice and
enhanced Cd diffusion into the VTD Sb2Se3 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 CdCl2 PDT.

8. An optimized growth protocol for Sb2Se3 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 µm/min, yielding compact and uniform Sb2Se3 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 Sb2Se3 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 (~1014 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/Sb2Se3 thin-film solar cells. A key 
future objective is to systematically investigate Cd doping of the Sb2Se3 absorber layer, to 
improve charge carrier density and carrier lifetimes. Another promising strategy involves 
the application of metal halide PDTs directly on Sb2Se3 films, such as CdCl2, MgCl2, 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), SnO2, or  
Zn1-xMgxO 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 O2 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 Sb2Se3 absorber films 
suitable for scalable PV manufacturing. Collectively, these future directions aim to build 
upon the foundation established in this thesis, advancing Sb2Se3-based solar cells toward 
higher efficiencies, improved stability, and sustainable commercialization. 
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Abstract 

Development of CdS/Sb2Se3 Thin Film Solar Cells: Implications 
of CdS Processing on Absorber Layer Properties and Device 
Performance 
Antimony selenide (Sb2Se3) 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 (~105 cm⁻¹ in the visible 
region). Its pseudo-one-dimensional orthorhombic crystal structure, composed of (Sb4Se6)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, Sb2Se3 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 Sb2Se3 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 Sb2Se3 solar cells, while recent 
experimental reports have achieved PCE of ~10.5% for superstrate-type devices, 
underscoring Sb2Se3’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/Sb2Se3 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 I and 
II focus on the impact of CdS post-deposition treatment (PDT) and Cl incorporation via 
NH4Cl during CBD on Sb2Se3 properties and solar cell performance, while Publication III 
investigates the effect of VTD DSo-Sub in Ar flow on Sb2Se3 and CdS/Sb2Se3 cells, comparing 
devices with and without Cl-processed CdS. The thesis comprises three chapters. Chapter 
1 provides a detailed literature study of Sb2Se3 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 Sb2Se3 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/Sb2Se3 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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Sb2Se3, as well as on the properties of CdS-Sb2Se3 interface and CdS/Sb2Se3 device 
performance. The third section focuses on the optimisation of Sb2Se3 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 Sb2Se3 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 ~1018 to ~1011 cm–3 for 
vacuum annealed samples and ~1017 to ~1010 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 Sb2Se3 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 
Sb2Se3 absorber. Devices with 1 mM NH4Cl-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-Sb2Se3 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/Sb2Se3 solar cell efficiency. 

The growth rate of the Sb2Se3 by VTD was achieved by adjusting the DSo-Sub and 
incorporating Ar gas. An optimal DSo-Sub of 6 cm assured an absorber growth rate of  
0.4 µm/min, which resulted in compact and uniform absorber films with improved grain 
structure. Devices using Cl-incorporated CdS and optimised Sb2Se3 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 
Sb2Se3 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 (~1014 cm–3) 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 (Cl-CdS SCs) above the valence band 
maximum (VBM) fall in a range that aligns more closely with VSb and SbSe defects. 
In conclusion, this doctoral thesis presents a comprehensive investigation into the 
development of CdS/Sb2Se3 thin-film solar cells fabricated by VTD, highlighting the strong 
interdependence between CdS ETL processing, CdS/Sb2Se3 interface formation, and 
Sb2Se3 absorber growth dynamics. Through systematic studies on CdS post-deposition 
treatments, chlorine incorporation, and optimisation of Sb2Se3 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/Sb2Se3 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 Sb2Se3 absorber, and interdiffusion processes at the CdS/Sb2Se3 
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 Sb2Se3 properties and device performance. Together, 
these findings advance the fundamental understanding and technological development 
of emerging Sb2Se3-based thin film solar cells. 
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Kokkuvõte 

CdS/Sb2Se3 õhukesekilelise päikesepatarei 
arendus: CdS kihi tehnoloogia mõju absorberkihi omadustele 
ja seadise efektiivsusele 
Antimonseleniid (Sb2Se3) on kerkinud esile kui paljulubav absorbermaterjal uue 
põlvkonna õhukesekilelistes päikesepatareides, sest tegemist on mittetoksilise ühendiga, 
mille keemilisi elemente leidub maapõues rohkesti, tal on optimaalne keelutsooni laius 
(~1,2 eV) ning kõrge neeldumistegur (~105 cm–1 valguse nähtavas piirkonnas). 
Antimonseleniid omab kvaasi-ühemõõtmelist (Q-1D) ortorombilist kristallstruktuuri, mis 
koosneb nõrkade van der Waalsi jõududega seotud (Sb4Se6)n ahelatest. Lihtsa binaarse 
ühendina on Sb2Se3 süntees ja sadestamine lihtne ning sobib hästi skaleeritavate 
vaakummeetoditega, nagu lähidistants-sublimatsioon (ingl close-spaced sublimation 
(CSS)) ja aurutransport-sadestamine (ingl vapor transport deposition (VTD)). Sealjuures 
lubab just VTD täpselt kontrollida sadestamisparameetreid, nagu substraadi-lähteaine 
vahekaugus (DSo-Sub), temperatuur ja aeg, võimaldades kasvatada vertikaalselt 
orienteeritud kolonnilisi kristalliteri, mis hõlbustavad laengukandjate liikuvust ja 
parandavad seeläbi seadme kasutegurit. Kaadmiumsulfiid (CdS), millel on lai keelutsooni 
laius (~2,4 eV) ja n-tüüpi juhtivus, toimib tõhusa elektrontranspordikihina (ingl electron 
transport layer (ETL)). Sb2Se3 päikesepatareides sadestatakse CdS tavaliselt keemilise 
vanni meetodil (ingl chemical bath deposition (CBD)) selle lihtsuse ja saadud kile ühtluse 
tõttu. Teoreetilised uuringud ennustavad Sb2Se3 päikesepatareidele maksimaalset 
kasutegurit (ingl power conversion efficiency (PCE)) 32,7%, samas kui hiljutistes katsetes 
on superstraat-tüüpi seadiste PCE olnud ~10,5%, mis rõhutab Sb2Se3 tugevat potentsiaali 
kestlikes päikeseenergeetika (PV) lahendustes. Samas näitab teoreetilise ja 
eksperimentaalse kasuteguri erinevus, et arenguruumi veel on. 

Doktoritöö eesmärk on arendada CdS/Sb2Se3 päikesepatareisid VTD meetodil, alates 
tootmisprotsessi põhjalikust uurimisest, CdS töötlemisest ja tema mõjust CdS/Sb2Se3 
piirpinnale, kuni tervikliku seadme valmistamise, optimeerimise ja defektide 
karakteriseerimiseni. 

Töö tugineb kolmele omavahel seotud teadusartiklile. Artiklid I ja II keskenduvad CdS 
kihi järeltöötluse (ingl post-deposition treatment (PDT)) ja Cl lisamise mõjule CBD 
protsessis. Sb₂Se₃ omadustele ja päikesepatarei efektiivsusele. III artikkel uurib VTD 
sadestamisel DSo-Sub mõju argooni (Ar) keskkonnas Sb2Se3 kihi ja CdS/Sb2Se3 
päikesepatarei omadustele, võrreldakse seadiseid, millel on kloorita või klooriga 
töödeldud CdS elektrontranspordikiht. Doktoritöö koosneb kolmest peatükist. Esimene 
peatükk annab põhjaliku ülevaate Sb2Se3 ja CdS materjali omadustest ning nende 
sadestusmeetoditest. Teine peatükk annab ülevaate CdS ja Sb2Se3 kilede ning seadmete 
sadestus- ja karakteriseerimismeetoditest, näiteks CSS, VTD, CBD ja termiline 
aurustamine ning röntgendifraktsioon (XRD), UV-Vis spektroskoopia, Halli mõõtmine, 
skaneeriv elektronspektroskoopia (SEM), sekundaar-ioonmassispektroskoopia (SIMS), 
Kelvini sond ja kompleksjuhtivusspektroskoopia (ingl temperature-dependent admittance 
spectroscopy (TAS)). Kolmandas peatükis on kolm põhiosa, mis kajastavad kolme 
teadusartikli olulisimaid tulemusi: esimeses osas uuritakse CdS elektrontranspordikihi 
järeltöötluse mõju õhukeste kilede omadustele ja CdS/Sb2Se3 päikesepatareide 
jõudlusele; teises osas vaadeldakse kloori lisamise mõju CdS õhukestele kiledele 
lähteaine lahuse modifitseerimise kaudu ja selle mõju CdS ja Sb2Se3 struktuurilistele ning 
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elektrilistele omadustele, samuti CdS-Sb2Se3 piirpinnale ja seadme jõudlusele; kolmandas 
osas keskendutakse Sb2Se3 absorberkihi optimeerimisele VTD meetodil, vaadeldes 
kristallikasvu kiirusi ja sadestamisparameetreid (struktuurides, millel on kas kloorita või 
klooriga töödeldud CdS elektrontranspordikiht), ning läbi defektianalüüsi kiles ja kilede 
piirpinnal paiknevate defektide mõju päikesepatareide jõudlusele. 

Tulemused näitavad, et CdS kilede järeltöötlus temperatuuridel 200–400 °C vaakumis 
ja õhus põhjustas märkimisväärseid muutusi kile omadustes. Kuumutamine muutis CdS 
morfoloogiat peeneteralistest hajutatud kristalliteradest tihedateks paakunud 
kilestruktuurideks, vähendas keelutsooni laiust 2,43 eV-lt 2,35 eV-le ning langetas 
oluliselt elektronide tihedust ~1018 cm-3-lt ~1011 cm–3 -le vaakumis töödeldud proovides 
ja ~1017 cm-3-lt  ~1010 cm–3 -le õhus töödeldud proovides. Need muutused tulenesid OH–

rühmade eemaldamisest järeltöötluste protsessis. Kuumutamine mõjutas ka Sb2Se3 
absorberkihi morfoloogiat soodustades tihedamat kristallistruktuuri ja vertikaalsemat 
kristallikasvu, eriti 200 °C õhus kuumutatud CdS kihi korral. See kuumtöötlus andis parima 
seadme kasuteguri, saavutades 2,8% efektiivsuse, mis oli 60% parem kui töötlemata CdS 
kihiga seadistes. Kõrgemad kuumutamistemperatuurid, eriti õhus, põhjustasid oksiidide 
moodustumist ja jõudluse halvenemist. 

Kloori mõju uurimine CdS kiledes, mille käigus lisati keemilisse vanni madalaid NH4Cl 
kontsentratsioone (0–8 mM), näitas, et CdS kihi struktuursed ja morfoloogilised 
omadused jäid enamasti muutumatuks, kuid elektrilised omadused muutusid oluliselt: 
vabade laengukandjate kontsentratsioon vähenes järsult ja eritakistus kasvas 1 mM NH4Cl 
lahuse juures. Keelutsooni laius vähenes ning SIMS analüüs kinnitas kloori lisandumist 
CdS kihti ja kaadmiumi difundeerumist Sb2Se3 absorberkihti. Seadmed, mis kasutasid  
1 mM NH4Cl lahusega töödeldud CdS kihti, andsid parima, 4,6% efektiivsuse, mis oli 20% 
parem kui töötlemata CdS kihiga seadmetel. Seda selgitati läbi piik-tüüpi (ingl spike-like) 
energiatsoonide joondumise, mis võimaldab efektiivset vabade laengukandjate 
transporti CdS-Sb2Se3 piirpinnal. Suuremad kloorikontsentratsioonid jällegi halvendavad 
seadiste jõudlust ja kvantefektiivsust (ingl external quantum efficiency (EQE)). Need 
tulemused rõhutavad kloori lisamise tasakaalu olulisust ja selle kriitilist rolli CdS/Sb2Se3 
päikesepatareide kasuteguri optimeerimisel. 

Sb2Se3 kasvu kiirust VTD meetodiga optimeeriti DSo-Sub vahekauguse ja argooni (Ar) 
gaasi lisamise abil. Optimaalne DSo-Sub oli 6 cm, mis kindlustas absorberkihi kasvu kiiruseks 
0,4 μm/min ja mis parandas absorberkihi kristallstruktuuri kompaktsust ja ühtlust. 
Seadised, kus kasutati klooriga töödeldud CdS kihti ja optimeeritud Sb2Se3 absorberit, 
näitasid paremat jõudlust, saavutades kasuteguri 5%, mis on ~10% parem kui ilma 
kloorita töödeldud CdS kihiga seadistel. Struktuurianalüüsid parimal seadmel kinnitasid 
Sb2Se3 kristallikasvu paranemist [001] suunas ja morfoloogia paranemist. Lisaks näitas 
voolu-pinge pimekõverate temperatuursõltuvus madalamat lõksutihedust (~1014 cm–3) ja 
vähenenud piirpinna rekombinatsiooni. Erinevatel pingetel mõõdetud TAS paljastas 
sügavate defektide olemasolu, mis võivad paikneda heterosiirde piirpinna vahetus 
läheduses. Leitud aktivatsioonienergiad 0,5 eV (klooriga töötlemata CdS päikesepatareides) 
ja 0,4 eV (klooriga töödeldud CdS päikesepatareides) valentstsoonimaksimumi suhtes 
jäävad vahemikku, mis vastavad kõige paremini VSb ja SbSe defektidele Sb2Se3-s. 

Kokkuvõttes esitleb käesolev doktoritöö põhjalikku uurimust VTD meetodil 
valmistatud CdS/Sb2Se3 õhukesekileliste päikesepatareide arendamisest, tuues esile 
tugevat ristsõltuvust CdS elektrontranspordikihi valmistamise, CdS/Sb2Se3 heterosiirde 
piirpinna kujunemise ja Sb2Se3 absorberkihi kasvu dünaamika vahel. Süsteemsed 
uuringud CdS kihi järeltöötluse, kloori lisamise sadestuslahusesse ja Sb2Se3 kasvu 
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tingimuste optimeerimise kohta näitavad selgeid võimalusi kilede kvaliteedi, piirpinna 
omaduste ja seadmete jõudluse parandamiseks. 

Töö uudsus seisneb CdS/Sb2Se3 heterosiirde mõistmise ja optimeerimise integreeritud 
lähenemises, mis ühendab protsessitehnika, defektide analüüsi ja heterosiirde 
karakteriseerimise iseloomustamise. Antud töös arendati uus meetod kloori lisamiseks 
keemilise vanni sadestamise kaudu, mis mõjutab oluliselt kaadmiumi difusiooni ja seadme 
kasutegurit. Esmakordselt tõendati SIMS analüüsiga kloori lisandumist CdS kristallivõresse 
ning Cd difusiooni Sb2Se3 absorberkihti ning vastastikuseid difusiooniprotsesse 
CdS/Sb2Se3 piirpinnal. See töö annab uusi teadmisi heterosiirde piirpinnaga seotud 
defektidest TAS-analüüsi kaudu ning esitleb optimeeritud VTD kasvuparameetreid, mis 
parandavad Sb2Se3 kile omadusi ja seeläbi seadme jõudlust. Doktoritöö tulemused on 
olulised õhukesekileliste Sb2Se3 päikesepatareide fundamentaalsel mõistmisel ja 
panustavad seadise tehnoloogia arendamisele. 
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907,*	90-P+/	hF3̀iG	@/)	+)j+10)	2-)BH2,)*+	=@:A	-B	CE;C)F	H8('	90-P*	-*	:.C	E1BB)0	876)0'3	E-+/	P,+/-1+	=V,9G	N2A	7*.	P,+/	=V,9G	N.A	IJK:8	+0)7+()*+3	P7'	2782187+).	1',*9	+/)	()+/-.-8-96	.)'20,E).	,*	40)5,-1'	0)4-0+'	hKiG	@/)	@:	5781)'	P)0)	2782187+).	1',*9	7*	)k17+,-*3	lmnop�q�roSp�q�rstNuvw�nS op��q���roSp��q���rxyN =NA	P/)0)	[=�q�A	,'	+/)	)j4)0,()*+7886	-E+7,*).	,*+)*',+6	-B	7	9,5)*	0)z)2<+,-*	P,+/	O,88)0	,*.,2)'	=/Q8A3	[S	=�q�A	,'	+/)	2-00)'4-*.,*9	0)B)0)*2)	,*+)*',+6	+7Q)*	B0-(	+/)	{:>?C	:70.	I-G	Ne|S̀]N3	7*.	I	,'	+/)	+-+78	*1(E)0	-B	0)z)2+,-*'	2-*',.)0).	,*	+/)	2782187+,-*G	@/)	=F;NA	4)7Q	)j/,E,+).	+/)	/,9/)'+	@:	5781)'3	B-88-P).	E6	+/)	=;;NA	7*.	=;NNA	4)7Q'3	2-*H0(,*9	+/)	/QN	-0,)*+7+,-*	-B	CE;C)F	H8('	.)4-',+).	5,7	\@?3	0)970.8)''	-B	+/)	)(48-6).	:8<:.C3	I-*<:8<:.C3	-0	+/)	?C-<C1EG	I-+7E863	+/)	CE;C)F	H8('	.)4-',+).	-*	:8<:.C	H8('	.,'4876).	(-0)	2-*','+)*+	@:	5781)'	720-''	5706,*9	?C-<C1E	2-(470).	+-	H8('	.)4-',+).	-*	I-*<:8<	:.C	H8('3	'199)'+,*9	)*/7*2).	1*,B-0(,+6	,*	+/)	'+012+1078	40-4)0+,)'G@/)	/QN	-0,)*+7+,-*	-B	CE;C)F	H8('	4876'	7	2012,78	0-8)	,*	.)+)0<(,*,*9	.)5,2)	4)0B-0(7*2)G	@/,'	-0,)*+7+,-*	B72,8,+7+)'	,(40-5).	2700,)0	+07*'4-0+	+/0-19/	+/)	87++,2)3	)*/7*2,*9	2/709)	)j+072+,-*	h;;iG	[*	2-*+07'+3	+/)	/QS	-0,)*+7+,-*	27*	0)'18+	,*	,*20)7').	2700,)0	0)2-(E,<*7+,-*3	P/,2/	*)97+,5)86	,(472+'	+/)	>:U	-B	+/)	.)5,2)G	&8-*9	P,+/	+/7+3	+/)	CE;C)F	907,*'	'/-18.	E)	(-0)	2-(472+	7*.	4,*/-8)<B0))G	@-	7*786_)	+/)')	7'4)2+'3	+/)	'10B72)	(-04/-8-96	-B	CE;C)F	H8('	.)4-',+).	5,7	+/)	\@?	()+/-.	-*	I-*<:8<:.C	=V,9G	;7|.A	7*.	:8<:.C	=V,9G	;)|/A	U@Y	P7'	7*786_).	B0-(	CUO	,(79)'G	V-0	CE;C)F	H8('	.)4-',+).	-*	I-*<:8<:.C3	+/)	H8(	744)70).	2-(472+	7*.	1*,B-0(	7+	7	?C-<C1E	-B	F	2(	=V,9G	;7AG	&'	+/)	?C-<C1E	,*20)7').	+-	K	2(	=V,9G	;EA3	+/)	907,*	',_)	7*.	2-(472+*)''	,(40-5).G	&+	?C-<C1E	]	2(	=V,9G	;2A3	,00)91870	907,*	90-P+/	P7'	-E')05).3	P/,8)	7	B10+/)0	,*20)7')	-B	?C-<C1E	+-	NS	2(	=V,9G	;.A	0)'18+).	,*	7	/,9/	.)90))	-B	,00)91870,+6	,*	E-+/	907,*	90-P+/	.,0)2+,-*	7*.	',_)G	

}
~�	��=7|.A	C10B72)	CUO	,(79)'	-B	CE;C)F	H8('	.)4-',+).	-*	I-*<:8<:.C	H8('	7+	F3	K3	]	7*.	NS	2(	?C-<C1E	=)|/A	C10B72)	CUO	,(79)'	-B	CE;C)F	H8('	.)4-',+).	-*	:8<:.C	H8('	7+	F3	K3	]	7*.	NS	2(	?C-<C1EG

��	����qq ����	����	 �	���																																																																																																																																																																																																																			�����	������	���������	���	�����	�����	���	������	������	

�	



���������	
����
������	���	������	������������	��
����������	������
��
�������������������������
��	���
��	�����
�����	�
����	������������������	���
�����
��������� 
�!�
�	�������	������"�#���������������
�$�%$���#����������	��
�������!����!�
������
���
���	��������	�
����	��	����
�����	���"����&�!��'��%������������(����)�����������'��%����&�!������������"�#����	�*
��
�����$�%$��������	�����+���������	����	�!����!�
�����
���
���	�����!����	����������!�		����
��
��#��������������
�)�
%$�%$����,�*�
�	�������'��%�������-.�!����������������������"�#����*�	��
�
%�
���	���
���+��������	�
�����	��
��	��
�����
��	���	�������������$���	�����	�����
�����$�������	��'��������!	���%��!���
���������������������$�%$��/�����"�����	�0�
!���
���������	�
��'��%���������
!����	���	�
������
���������
��	���
��	�����
��������-���1�����*
��
�������-���
���-������
�#!�
��	�%�
���	����
�������������"�#��������
���
�����'��%����2-(��!���	������
���
���	���!���#������!3
����������	�+���������..�
��4565789:;8�;<=>=;?8>:@?:;@���������"�����	�!�����*�	�����	�!������
�����	��	����!�
#��	����
�*����$�%$����
��)�
%$�%$�����������	�
��'��%���������������������!����������!��
�����
�������
�!����	�����	��������"�
��������-����������
�����	�!������	�����	�����!��������
�!�	!����
��������AB$������	��!�	!����!�		�
���C�$���#�����!��	��������
��D$���*�	���+�	�!�����	�������C%A�!��	�!��	����!�����)�
%$�%$����
��$�%$����$��������"�(���
��������-��� 
�����!�������)�
%$�%$����$���������*����AB$����"E&��A�*��������
���*��������	��	��	�!���������'��%�������E�!���
��������������
��������"&E��A�
*��������
������'��%����&�!���1������'��%�������-.�!�������
���������
���!	���������"F��E��A�� 
�����!�����������	���	�����	����!�����C�$������
��D$��������"���!��
����������
�������
!	����������&�!���
�����
��	������'��%�������-.�!���������������C�$�����E��1/!����D$�����E�&�G��
��������F&�E�G���	�)�
%$�%$����$��*�	�������
������&�!��'��%�����1��'��%�������-.�!�������D$��
�������!	�������	���E�&�G����E���G�� 
�����!�������$�%�$����$�������AB$�
������
!	�������	���"EF�E��A����"H-�F��A��������'��%������
!	�������	���"����-.�!������
*����������C�$��
��D$��
�������
%!	����������&�!�������
!���
��	�!�	������	���+�������F��1/!����
��F�G������
���!	��������-.�!��'��%�����������������D$�����F�G�*���	�!�	������	�$�%$����$�����'��%�������&�!����	�
�������"%A�'����������
������

IJKL�MLA�	�����
����DA���	�����	��!�������AB$�����C�$��!������
�����D$�����)�
%$�%$����
��$�%$����$����������	�
��'��%������	�
��A�'����������
���)���
���$�����
����	�)�
%$�%$����$���
��$%$����$���*���������
����	���
�����+%�+����
��!�����������	!�%��%�����	���������
!���'��%�����

NOPQR�S�DA���	�����	���	���CA������	���
�����!������
�����	�!�����*�����
��*�������!���	�
���	�!������$�����T���������	�
��'��%����)�� ����	�!��� '��%�����!�� '�
�!����	�����	�AB$���A� C�$���1/�!��� ����G� D$���G�-� �$�*����
�
%�$�%$�� " "&.�-� ���UE F"�H& E�E�E "F.�.H �"�.� FF�-" E�EE& "&"�VH �"�HF F"�- E�&"-. "FE�UE �"�FV F-�U- E�""�� �$�*����$�%�$�� " "F"�-U -H�&F FF�EU "�VFE "F-�EF -H�V- F"�V "�UF& "U&�H- �E�HU F��V" E�HU-. "H-�.U ���EF F��U E�&"
W5�X=Y=ZZ8Y=?<�[\]:�8?�=̂5�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������_̀abc�defcgh�ibjfckbal�bem�_̀abc�nfaal�opq�rstsuv�wwqxyz�

{�



������������	��
��
���	�������������������������
����������������
�������������	���

���������������������������
���
�
��
�������������	��
�����	�����������������������������
�������������	�
��
���������������������������� ��
�����!"��#���$#%������&
��������
��������'���(������������	���������������������������
�����
�
��������������������������������������������	�������)�

#�*��
������
���������������������������������
���	�
��������
�����������������������#�%����������������
����	�+,��

��(����������������&
���������������������		�
����(��
�������������
��
������������������������������������
���	�����
������
-���������
�
���
�����������
�
��
������!"��#��+���������
���������	��
�����$#�%����������������������������������
���������������������������
����	�������)�

������������������	�����������������������)..�/��
����
��������������������������������������	���������		�
�������������
������!	���������
�����������������
��������0�������	�����
����

������(��������������		�������	����
������������
���������	�
�$������������
�����
�������������	����������12�����������
��
���������&��������
�����	��
��
�#���
���		�
�������������������������������������������(�������
��
������������	�������
������������������������
����������!�����
��������������)..�/�$�����������������������	�����������
��������
������3��4#�1�������������������������
����������(�����������	��
��
������
���������������������������������������
����������������������������
������������������������5����������	�������

��(���'������������������������
���������#�%���������������������������
�������
���������
�������
������!���$�	����������&�
�������������������������������(���
�
�����������������������
�������(��-#�1���
�����������	��������(���������������������	��
�������	���6������������������
��������	���!67$���(��
�������&
����������
�������
�������
���
�����������	���������&�
��
����8��������		�
���������	��
�������	�����������9��
����������	�
�#����	����������������������
�����������������������������
�������
�����������	������12�!����������������
�����$���������������������
��������������������
����!��
��������������
�����������:1��������������	�������������$����		������
��������������������������	����
�������������
����������
�����
��������������������������������������������������(���������������������	�
�#�*������������������������������������
������(����+�����)�

���
������������������
����������
�������
����������#�7�(������	�����������
�0������������������
���	���

���������������������
�����	��
��
������������������	����������������		����(�����������������8����������������	�
��	��
������
�������
������������������������'��#�"��������������
��������
�
���
�����������������	�����������	�
������������������������������������������������
�
�����
���������������	����������
������
�0�����#;�����������	������
��������������<�����������������������
�����	��
��
��(����
������������

��������#�1���=�:�
����
�������
�������>������������	���������������������<���������������������(�����"��#�)��

?@AB�CB!�$�=,:�
����
�������
������!�$��>�����
�����	�������������	��
����<�������������������������!
$�:�
�����
�����������������
��	���<�����������������������������#

DE�FGHGIIJHGKL�MNOP�JK�GQE�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������RSTUV�WXYVZ[�\U]YV̂UT_�UX̀�RSTUV�aYTT_�bcd�efgfhi�jjdklm�

n�



���������	
���
�����������������������
�
�	���	�
���������������������	
��	��
��������������� ����
��������
���	
�
����	��
�
�����		��!�
���
	�
��������
���������"��#��$�	���������	��	�
���
��	
	�	�
�������	���������	����%����� �!���������������
����������&������'�	���������������'������(�� ��������������)*
����$+�����(�'���������
���������������
���!
����������'�	�����
����(�� �����&�,��'�����-��������!���!�������������
���)$�������� +��(���������	
�����������
����	
���
	������������'������ 
��������	���������	�� 
���
����
.#��'((��������	�)/��	�����������#�#�+����
	����'��
��������������
�'���������������������
���	
�
�����	��
�
���
������������������'�����
�	���!���������
�)#�0��,+������
�������
.#�)%$�#��,+��.����������������������
�����
���
���� 
�
�������������"���#��$�
����(�����
���
�'	�����
������
�������
�����'���� �����	�������
�'������������!�������	
��	��
������	�����!�������������
����1�
�
2
����
.#��	����'((��������������((���
��������'���
���	
�
����	��
��
���
����#��$�	���������	��/�!��������	

���
�	�����3�
����
�����������
�����������
	�
�	���
.#�
�	�	����	
���������
(3�'��
�	��	����'((��"��4�(���������
�	
�
����(���#��$�3� 	���	
��
�����
��������	��������� ������  �����'	������������	��5����'���������	������	'���		('��
����
�	
�
�����#��$�����
.#�����
��
������
 
��		
���6����(���7#�8�9:;�����'�������
����
����
����(���	��������������<*�	
'����
�����

��
���,�=�
����
	�	�����
���� �
�	�
����� ��
�������
 
�����*�!���	�'�
�	���
�����(3�
���
�	��(�0���8�9$;�������$$�8�9#�;�
��
���
���
��	
	��������������	�!����'�
�
2
����
.#��
��
���������'����
�����
��	
���������� 
���� �����	���	�������4�
��,�=�
����		�����#��$����
��	����
	�
		'�����������	�!
����
((������	�
��	'�(��������������(���	���������������
��� ����
����(���#��$�3� 	�
��
��������,�=�!
������	���(��
.#�3� 	��5����		
������	�����������	�!
�����>'
��� ��������
����
���	�
���
��	�
��������
����(��
������ 
	�����������	��������
�
���� 
��
�
�
�������!�����
.#�������#��$���	�!�����	�
�����
���	'�(��������� ���	�������������'�����
����������
�����!���,��
�'	�	������
�	��	'����	�
�����'�
���5�$?�������#������ ��������������������	�970�7@�#7;������������� 
��������������		�����
���� 
�
����((�����-���'������
���	�'���9#A;������
����(�����(����"��#��$����
���!
����������!�	������'����������2���'	
���	���������
��� �		�	
����� �����)�-B�+��!�
������������	
��
3���������
(('	
���
����������#��$���	���������������
	��
(('	
������ �
����!
�������
 
������	��'��'����
��
���
�	��(�������	���������������
������
��,�=���
�	
�
�����������������"��#��$�	���������	�!
�����
��C�6����(�0�:�8��-������
��	����	�'����3����'�
���������	���������!�������������D'	�
�������=����'���
	����������
�����'�
������5������
�����	�('������������������
���
��(�� ���������
��
�����6����(�����8����
	���
��	���	�����

���
 ����7��8������
���
 
���� ���������
���
�'	�����
������������"��#��$�	���������	����	����	'��	����'���������������������	
�����
����(�����'������
���
��	
����� 
����(�����	��
���'�
������� ����� 
���	
���	���������������������������
��
���
�	��(�����,�=����!����#��$���	�������������������	
���
������"��#��$�
����(��������	��(�����	���	�������
 
�������
 
�
���
��	�(��������������
���('���
����
����5	�� 
��	
2���
������
���$�7�������'���
����(�����,�=�
����		�!�	���D'	����(��������	�'��������	'�	�������
	������)=����'�+���� �
���
�������	�������#��$���	��������
�C��		��(�����E �����		�������
�	
�
��	��/�!��������
�	
�
�������
��
��	��	'����	����!������������	'
��	��'���
�������
���	
��
3�������!
���=����'�����
	��
���'������������
((������	�
������ ��
�����
��������	��'��'����
��
���
�	��(�����3� 	�����
�F'������������	'��
������
���
��(�� ������-�����
�
���������	��(�����	��������� ������(�����,�=�	��'
���	��
���	�����
�
���������
����������
���������
���F'������	'
��	��'����
����5�����
�������'����
��
 ������,�=�	��'
�)*
�����+��������
�	
�
���
����		����'�	�
�	
�����>'�	
����	��������
���
�����>'���2��'���)������G�#��� ��
������
� ����G�#�A�� H����' �G�%0:�$�� $+��
�	������
����������������
2������,�=�('�������'���)������G�7�#�� ��
������
� ����G������ H����' �G�%0:����� $+��I
��
����
	��� 
������
�	
�
���	
�����
��
	����	�����������

���
 ��������	�	�� ��
����
����
C��
������J�'�	���)(���� ����'���+�F�!����
 ��'�������!��C
���
��		'����(�%7�K7�L$� ����)��7�6�+��!�������
�������	
����
	��� 
����������
����(�	
���� ����'������	�����	
����������

�
�����!�����
�����	�F�!������)�����46B�5�+�
���
��	�	'(3�
������
�����(��	��!�
������
�
����
�'�
������������	 �����'������' �����
	�	���
�
2����
������	
����������� ���

����
���	����
	���������������3�'���
��� 
�
 
2�	���
�����		�	����	
��!���	����	'��	�	������	��������!�������
�
��	�������������	������((���
����		��(�	�'�������	'�	�������
	������
�����'���
���������	'
���	��'���
�������	
���
����������	���	
���	���������3����	�'������ 
����'��������(��#��M���������
���
��		'����(���#��$�!�	�������'������'	
���������
��
 �����������
������	'��
 ��
��������
��G����7�NOPQRRST@�::UP?7�V:$#�9#@�$�;���
�
�������	�
 ������>'
�
��
' ���
���
��		'����(�%���$A������)%��6�+�����#��M���5������	'�	�������� 
����'�����'���(�0#��M��������>'
�
��
' ���
���
��		'���
	� '�����!�������!����%����$����������������)%��0���A�6�+����
	��
���	���	'
��	��'���
������
���(�WTXYZX[\��(��

���
 ������A�7#��'�
�����
�	
�
�������������
������'�������((����3� ��'�����
����������!��������
����5��������=����'��)7��� +����
����
�'�
�������
���
�����		����	
��!���	����'���	'
��	��'���
��������
������	
��	���'�����
����������	�>'�������������
�����������(�
�����'���
���
����������
�����!����
����
�������	
2��)*
���#��������*
����7+��5��=����'�����!����$�����:�� ����
������
��������	'
��	��'����
����������������)��]#��+��!
���������������
�
 �����0�E " 
�����!�����������:�� �=����'���
�� ��
�����������!����	
����������
�	�!
���
 
������	
2���
	��
�'�
�������'�
(�� 
���������
�����
�������	��
 �
���� ���	�����('������	'	��
���������
�	
�
���������������3� 	��
 
��
������������
�����
(('	
���)������+��������
����(������	�
����������-B��9#A;�����
�����	�������
�'�������
�����	����
(('	
����(��'�����
���������	�)����
����������(�� ��
����(����������#��$����
�	+��5������	���
�
 
2���(���'��	������
�'�������
����������
��
��
���
�	��������"��#��$�
����(����>'��
������	'��
���
�����������������8����
���
��(�� ������.����
����
�������������	����	'��	�	��!������	�'�������	'�	�������
	����������!���������������
���	'
��	��'���
�������	��������
�����
�C�������'�������,�=�	�	�� ���� ���������	��(�����	���
�
������
�F'�����3� �>'��
����������
���
��(�� ������'����	���
������������(�������('��	�	�� ���	
�������
����		���������
��,�=�	����������#��$�	���������� ��'(���'�
��������
���������
 
�����(���(���	�������
���
��(�� �������������
���
����(�,.��!
����� 
����'���!�	������2���(��������������̂������������	�)*
���0�+��-���������	�	������,.�����
�
������
�����'�����!����� �
����'����(�#���J�������
��������
����(�����,.���� 
����'����'����!�	������
��������������� 
����������
���
����������)�5+��!�
���!�	�(�'����������

���
 ��������@7��,�(���̂������������	�	���������	�����7����,�(������������	�����	�����'�	��������	
	�����!
���������
������������
��(���#��$�)%7�#��,+�9##;��	�!�����	�����������
�����������(�� �����)*
����0+��
��
���
��������
����(�������� �
���
���
���	���	
��
3����������
���
 
�
�������,.���(����	�����
��	�������5��(��������������	�
	����	����������������
��(���#��$��� 
������������̂������������	����
	�	'���	�	����
�������������(��'�C����� �
���
���
�����������
���������
��	��!�
�����'�����
��
�����
�������
������
�����,.���� 
������������̂������������	��!�
����������!����5����'�	�
��
���
����
�����
����(�������� �
����
������
	���	�����
�����
��	�!
�������&�,����������
	�
�	��(�������	��
��(�� 
���	���������	�)*
���0�+��!������������������	����
�
�������
�����,.�������̂������������	�����	����	'��	�'����	�����������
�
����������(�
����(�������
����
���
��������
�������
��(�� ������(���#��$����	���	���������	�_̀_̀ a[b[cd�efeghiji�Qb�dk[�lmWnWopW[_�m[Yjc[i��#��$����
��	�����
�'���������� 
��������������������������
����(��'�C�����
����(������(���	��=
	�
��'
	�
������!���������!����
�	��(���(���	�
	����������	����	C�������>'
��	����� �
���
����(���(���������	�	������
���� ����	�
�
	�
������'����	����
����*
�	���!������ 
�����>'����
(���������
���(�������	
���(�� ��������C�&�,��'���	��4�������
���	��(��������C�&�,��'���	���	�	��!��
��*
������������������������	�
����
����(��������
��������
��	G�.� 
������
�3��
����
 
��)�*4+���������'��9$7;��4
����������
����
����(�����.� 
�������*4����
��	�
���
��	����
����	���
���
�
����!�
���
	������*4���������),�*4+����!�
����������
�	����	��������
������������3���������
����	
����������	'�	�>'����������'���������'	
�������,�*4�
������(����!
����>'��
���)#+G�

Ẁ�qemerr[medk�sQOj�[d�eg̀�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������tuvwx�yz{x|}�~w�{x�wv��wz��tuvwx��{vv��������������������

��



����������	
	� ���
�����
��
��
����
�������
��
���� 
!
��
���
���"������
�#������
#$
%&�%��
�'()'� 
!
��
���
�"������
�#������ 
*�+,
��
���
����-.""��/-"����
0#"��/�
��
* 
1
��
�"������
����/�
��
2 
���
,
��
���
%&�%��
�&�#�&��
����3����)4�
����
��5�� 
���
*�+,
0�"5��
#&������
$�#�
+�/)
(�
���
&
����
�)67
*
���
�)68
*
$#�
�#�-2"-2�%
���
2"-2�%
%2� 
��������0�"�)
9
"#�
*�+,
0�"5�
�:�)�
*�
��
#$���
�����������
��
��
��������#�
#$
0���
"#�
����
�������;
�#��0�� 
��
�#��
����� 
��
���
�"�#
�5//���
�##�
����/�
��-<����#�
#�
"#�
�������
�#���������#�)
2#�0����"� 
�
��/�
*�+,
�='
*�
���
&�
�
��/�
#$
�>�����0�
�����
���
���#�&�����#�
"#���� 
#$���
���#������
����
�##�
�������"
15�"��� 
5�#�����?��
�����$���� 
#�
����-"�0�"
��-$����)
9
�#������
*�+,
��)�@')�
*�
��
/�����""�
������&"�
$#�
��/�-
�$.������
����-."�
�#"��
��""� 
�5��
��
2��� 
24A% 
���
���#0�3����
B��C 
��
��
���������
�#���#""��
��$���
�������
���
����#��&"�
����/�
������#��
��#�������)
4�
#5�
���� 
&#��
0�"5��
���
&�"#�
')�
*
�����
�
�"�/��"�
"#���
*�+,
$#�
���
2"-2�%
%2�� 
�5//�����/
�
��"���0�"�
"#�
��$���
�������
��� 
�#���15���"� 
��
�$.�����
����/�
������#��)���
��
0�"5��
����
��"�5"����
�#
&�
D
E'�'8
���
7
E'�'8
���� 
$#�
�#�-2"-2�%
���
2"-2�%
%2� 
��������0�"�)
�����
����
�������
0�"5��
���
����"��
�#
���
���#����
0�"5��
#$
B��@�(C
���
"#���
����
��#��
���#����
&�
F�$)
B�'C)
����
�5//����
����
���
#�����?��
%&�%��
."��
���#�����
0��
���
*�G
����#�
�>��&��
�5����#�
15�"���)
�#��&"� 
���
��
0�"5�
$#�
���
�#�-2"-2�%
%2�
��
"#��� 
���������/
$����
����
�����
���
��$���
�������
��
���
%&�%��
."��)
����
#&���0���#�
�5//����
����
���
%&�%��
."��
/�#��
#�
�#�-2"-2�%
"�����
�#�����
�
"#���
�������
#$
����
������� 
�����
���
���5��
���
���#�&�����#�
#$
����/�
��������
��
���
�����$���
���
��
���
&5"3
#$
%&�%��)�#
/��
�#��
����/���
#�
���
��$����
��
�#�-2"-2�%
���
2"-2�%
%2� 
��������5��-���������
����������
��9%�
���"����
���
���$#���� 
��
�
�#���$5" 
��#0��
������15�
$#�
5�0��"��/
��$����
��
���
&5"3
%&�%��
B8 7C)
4�
����
��5�� 
��
����
#��
����
$5�����
���
���������
�#
������$�
���
���5��
#$
���
�>�������
����0���#�
����/���)
4�
���
����
#$
����
��$����
"#�����
��
���
�&�#�&�� 
���
����0���#�
����/�
����0��
$�#�
����������
����5������
5�5�""�
�#�����#���
�#
���
����/�
��$$������
&������
���
��$���
"�0�"
���
�
�����.�
&���
��/�
��)/) 
�#��5���#�
#�
0�"����
&����)
����
����/�
��
������""�
.>��
���
�#��
�#�
���$�
��/��.����"�
����
���"���
&���)4$
���
����0���#�
����/�
#$
�
����
��$���
#&���0��
��
�9%
���$��
����
0#"��/�
&��� 
��
��
#$���
��
��������#�
#$
��
�����$���-��"����
��$���
������
����
�
&5"3
��$���
��
���
�&�#�&��
B�6C)
����
��
�
�#��#�
��/���5��
#$
�����$���
������
#�
��$����
����
���
<5����#� 
�����
���
"#��"
�#������"
0�����
����
���"���
&��� 
�"�����/
���
��������
����0���#�
����/�)+�/)
6�@$
��#��
2-H-�
�5�0��
#$
2"-2�%
���
�#�-2"-2�%
%2�
����5���


��
�)� 
�)� 
���
�)8
*)
2����������
���
����0��
$�#�
���
���"
���
���/�����
�����
#$
���������
I
�H 
��
��/��"
���
��"�5"����
5���/
��
�15�0�"���
����5��
�#��" 
�����
�#�������
#$
�
�������#� 
�
������
���
�
����""�"
������#�
B�DC)
4�
���
&�
#&���0��
����
���
�����������
�������
�
�"����5
0�"5�
#$
�(@�(
�+
����
����
'��
J)
A�0��
����
���
���#����
0�"5�
#$
���
���"������
�#������
�!�
#$
%&�%��
��
'( 
���
�"����5
�#���-��#���
��""
�#
���
/�#������
�����������
#$
�����
��0����)A�����""� 
�
���/"�
�����������
����
�#5"�
&�
����
��
���
2-$-�
�5�0��)
G���������/
���
��K����#�
�#����
#$
���
����0���0�
�"#�
#$
���
������-�����
�-H�2L�HM
�""#��
�>������#�
#$
������"
����0���#�
����/���
$�#�
���
9������5�
�"#��
0��
N15���#�)
���B�7C 
O���PH���Q����>�R�STU�V ���
�����
W�
��
���
������"
������#�
���$���#� 
3
��
X#"�?����
�#������ 
�
��
��������5��
���
N9
��
����0���#�
����/�)+#�
2"-2�%
%2� 
���
�>�������
N9
0�"5��
����
�)88
�* 
�)8(
�* 
���
�)��
�*
$#�
�
* 
�)�
* 
���
�)8
*
$#�����
&���
�#�����#�� 
��������0�"�
�+�/)
D��)
%���"��"� 
$#�
�#�-2"-2�%
%2� 
���
N9
0�"5��
����
�)(�
�* 
�)8D
�* 
���
�)��
�*
��
�
* 
�)�
* 
���
�)8
*
$#�����
&���
�#�����#�� 
��������0�"�
�+�/)
D&�)
4�
&#��
����� 
���
����0���#�
����/�
���������
����
���������/
&���
0#"��/�
$�#�
�
�#
�)8
*)
���
$���
����
���
����0���#�
����/�
�������
���
����
��
�
*
���
�)�
*
&5�
���$��
��
�)8
*
�5//����
����
���
��$���
��
��K5�����
&�
���
���"���
&���)
���
���������
&���
���
&�
���$���/
���
+����
"�0�"
#�
�#��$���/
���
���"���#�
��/�#�
��
�
���
����
�$$����
���
��$���
�����)
����
��
�
�#��#�
$���5��
#$
�����$���
��$���� 
�����
�����
��������
����0���#�
����/�
�������
#�
�#�
���
&���
�"�/�����
����/��
����
&���
B�6 �YC)
���
��$���
�#5"�
&�
�
����
�����
��
���
�����#<5����#� 
�����
������
�#
��������
����
���
�#��5���#�
#�
0�"����
&���
�#��
��/��.����"�
��
��/���
&�����)
9"�������0�"� 
��
�#5"�
&�
�
��$���
��
���
&5$$��
"����
#�
����
���
�����$��� 
�����
���
�"������
.�"�
�#�5"����
���
����/�)4�
��
���#�����
�#
�������?�
����
�"��#5/�
����������
������#��#��
���
G,�%
��#0���
�#���$5"
����/���
���#
�"�������""�
����0�
��$���� 
�����
������15��
����#�
������"�
������$�
���
�������"
#��/��
#$
���
��$����)
+#�
����
�5��#�� 
�
�#���"���#�
����
���#������"
��5���� 
������5"��"�
��$���
$#�����#�
����/�
��"�5"���#��
$�#�
�������
$5����#��"
���#��
�G+�� 
��
��������"
�#
/5���
��$���
�����&5��#�)9��#����/
�#
������
G+�
��5����
B8�C 
�
����
���/�
#$
����0�
�#���
��$����
���
���������
��
%&�%�� 
���"5���/
0�������� 
��������� 
���
��-���������"�)
9�#�/
����� 
0������-����
��$����
���
/�����""�
�#��������
�#������;
�#��0�� 
���
���0�"����
#$
�����.�
��$���
�����
���#�/"�
�������
#�
���
�#��#����#�
#$
���
0��#�
�����
���
���
���5��5��"
���������������
#$
���
�#�������
�����
�5���/
���������)
%&
0������
�*%&�
��
�#��#�"�
���#������
����
��
����0���#�
����/�
#$
Z�)�@�)8
�*


[\]̂
_̂ ,#/�̀�-"#/�*�
�"#��
���5���
$�#�
���3
̀-*
�5�0��
#$
2"-2�%
%2�
���
���
�#�-2"-2�%
�&�
%2�)

ab
�cdcUUedcfg
hijk
ef
clb


















































































































































































































mnopq
rstquv
wpxtqypoz
ps{
mnopq
|tooz
}~�
������
������


�




������������	�
�����
��
���
�
�����������	�������������
���������	����������� ������	���������
������
���
��
�
�
�
��!�������"�
��
#��
��������$#���������
��	���	����$��
����
�%&�''�'�(��)
���������*�������������������
��������$��������
"����$����
�
���$����������*����	���	��	��������������+��','�����
������+��-, �����$��"������	���.����������$�
��/#�"�"������
�
#��
����
"�$��	����"��$���$���/������
��*�$�������	���$�
���
����	�����������
���������*������$��"���
���		����#�	�����$�
�
��	����"������	�����"�$*�$
�
��������
#�����*0���
��
�
/$���������$���
��
�/���
���
��$���%&�1'�'��'1(��2
���$��������������$���������������
��
�$#�����*���''�����
�
/!	���
����' �����!	/!����!�����������*�		��
���$�
#��������	�#
��
�$���	���	�������
�����$������$��������*������3�����
�	�$�����
�4)���	������	�
#������������������
"�$��	���$�"���
�����������$�����
����
�����������"$���
����*�����
�	�$���
�
�
����*����
����
��
��
���������������"���5�#�$�	�����*������"���0��
���$���*�������
�
�
����*�����������
��
�����������"�$*�$
�
�������6�7!4������$�����
�!	/!��8��9��:���	�$���		����#�	�#����������
��
�����
�0����*��"��
�;����3.�����$��$�#$�������
�����
���
��!	/"$������
#��*�!���43<���2����
�	������
���$�"$��������$���	��%9 (���
0$
���!����**����
��
���������9��:�����$��$�#$��
��
�!	/"$��������!�����
������$�	��������������	�
=����������**�/���
���������**�������"���������
��*����"��
��������
������
�����*������"�$����	�$	��
��$������
��$*����%'1(��3������$��	�=�	�����"�$�������������

>?@A�BA!/*/3���$�����*�!	/!����!��
����$����
��$������������9���������
����'��������
��C�
/!	/!����!��
����$�����������������9���������
����'����*��

DE�FGHGIIJHGKL�MNOP�JK�GQE�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������RSTUV�WXYVZ[�\U]YV̂UT_�UX̀�RSTUV�aYTT_�bcd�efgfhi�jjdklm�

n�



���������	�
�	�����������
�	��	�������	���	������������	���	��	�����	�������	�������		�����
���	��
��������
������	
����	��
�
	���������	�������������
�	������	�����	���	������������	�
����������������������	�������
�������������	�����������
�
���	������������	����	�������
��������	�	��	��������
�������������	�������	��
����
��	�����������������		��������	��������
�����
��
������
	��������	
������
����	��	�����	������	������������	��
����	�����
����������	��������	�����	�����	��������	������	����������������
��� !�"����
	����#�$������	���%����	���&�'�����	����	�������������

���������
�����
���
��
�����
��	(�����
�������	���
������������)�����	��������
	�#�$��
������	�������
����
	��	�����*��������+��,�
���������
��������	���
���&�'�����-�.�"���	��������$�/��
����������+���
	�����
�	����	���	���	�01����	������+! 23��1���������������	���*�������������
�������	���
	�	�����	�����	�-�.�"���
������	��
�
	�����������������	���	���������	���45'������	
�0��	��#�$
���	�����6�7�����7�,�"�8,�+29�������
������
�����	���	��
����:���

���������������;�����+�#'�������

������������<	��
���
�����	����	����	��	���	������	���-�.�"���
��	��
��������	�����	����
�����������)���	
��������������	����
����������	�����������)��������������	������������
�����������	����������	���	��
��������������
��������+�	���	�������$�/
����&�'���
�����+��,���
���
�������������
�����*���
����
	��	�������	��	����0���

=�>�?=���=&�'���+��,=��3���	���	�����	��������
�����������������������
����	�
�������
��	�	������)����	��	�����
�
����
	
�	��	�	���������	������������������
��
���������������

���������	���
�	��	�������	���	���������
���
��=�����
	��������������������
	�������	����	�
�	���������
�
	���	��������
	��������������&�'�������	��
������	�	�����+��,�����	����	������	������������	���
�������)�������	������������	������
	���������
�������������������������	��	�
	���	�����������	�����������������
��������������������������
���������������*���������+��,�
���������
�<����	��	����	��
��*�����
�
����
	�	��	����	��������������������
����������
��������
���������	�
	�	�
������������������	�
�������	�����������������	���	����������	����	����	�����	������������	�������������������
	��	����
��4����	�
	��	����
�	����	���	�������	
��	�	������=��+��,���	�����������������
	�����
�	����
��������	���	���	
�������)������	�����������
�����
���	��������������	������	��	��������������������������������+�������������
��	����	�������
����	������������	��86+9��������������������������+��,���
���
�������
�����	������
	�	�����=�����	�������
�����

�����������	������	����86,9������	������������	��������������
����������
��������
����	���������	�������	���	�����������������	��������������		������	���������������������	��������������	����
�	������	����������������	�
�	�
�86 9������	�����	��
�����������
������
�����	��������	��������	����	��������	���

�
�	����������	���������������������������
������+��,�
����������������������

@ABCDEFGHICDH���
�
	�����
	����
���������	���%�������	�����	�����������+��,���
������*��
�����
�	���
���
�����&�'���	����������������	���������
�	��������	��	�������	����	��������	���%����	���
������	��
��
	��	����
�	�����0'������3�	�������
��������������������	�����������	���������$�/����+��,�*��
����������
�	��������	����������������

��������������������������

�������0��������J���������3�������������������������	�
�������
�
����	�����
	���	�����������	��
�����
�����������������������K4'������
�
����*�����������������	��) ������	�	���������+��,�*��
��������������������	����'�������
����	���
��L���
����
������������������
	����
���
������	��	�*��
�����
�	����	�'�������M,�����N����	���
�����*���	��������

��������
�*��
��	�'�������O2������
��������������������
������
���������
���
���
	���	����������	�����'����������P.������
��	���������������������	�����������
	���	�������+��,������
�������
	��	�����*����	����
���������
�0���

=>�?=���=��+��,=��3��������	�����	���������������	����
����������
�	����	�'����������P.���������
�����#�$����7�"�������
��	�������P !�"������
����	��
������=���+��,���
���
���	��J����������������������
�
�������
�
���	������
�����	���
����	�����������������
���������������	��
�0����������	���������������
���	
3���
���
���������	������������������	��
����	���&�'����������+��,���
�����������	�����	���������
�������
�	������������	���
�	���
��������
��������	������	����
����
�������������	������������	������������	�
��	����0&?�3�
	����
�������	���������
�����	����������������	�������	������=��+��,���
������	���������$�/����������	��	�����
����J�����������'��)�Q�&������
�
��
	���	�����	�������
�	����� ! 6���R,��������	�������
���
��������	���
����
�����*������	�������������	�������+��,�*��
�����
�	���	���������	���%���&�'������

�����&��	������������	�����		�����
���	��
�����
����
	����������	���������	�
�	�������������	��������
�������
��
����
	����	��	���	������������	
�
	�������	����	��	��	�������������������	�	��������
��*�����
���������	�	������	�����������������
�	����������	��
�����	���������'���������������	����	������������������+��,�*�������	������
������������������������L���
�������
�
	��	���	������������	
��	�	������=��+��,�����	����������������������������	��������

�	�	�������	������	�������������������
	��	����
�	��������%�����������	������

�
����������
����
������*�������BSTUIV�WGXYCZHYI[�ECDXZI\GXICD�HXWXT]TDXŴ_TTHY�̀WUWaaTUWXY�bC[Ic�1��	����d���
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M³XÚµ°
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