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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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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 
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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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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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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]. 
 



































 

42 

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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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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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. 
 
 















 

72 

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 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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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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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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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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