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Introduction 
Tackling climate change requires complete decarboniza�on of electricity genera�on, 
industries, transport, and buildings. Net zero emissions (NZE) can only be achieved by 
substan�ally increasing capaci�es of renewable technologies and through diversifica�on 
of energy produc�on and storage. Solar power produces electricity from the sunlight, 
with the Sun providing an abundant and infinite source of energy. Solar photovoltaics 
(PV) already provides one of the cheapest sources of electricity [1], [2] and hence will be 
one of the integral technologies for global energy transi�on to carbon-free electricity 
produc�on. Interna�onal Energy Agency projects that the total installed capacity of solar 
PV should reach 5 TW by 2030 to follow the NZE by 2050 scenario [3], [4]. The European 
Union’s Solar Energy Strategy plans to bring online almost 0.6 TW of solar PV by 2030 [5]. 
The increasing demand for solar PV deployment has led to extensive research and 
development of next-genera�on PV technologies. In contrast to the incumbent PV 
technologies such as crystalline silicon (c-Si), CdTe, and Cu(In,Ga)(S,Se)2 (CIGSSe),  
the next-genera�on PV technologies offer several advantages. These novel technologies 
not only deliver comparable power conversion efficiencies (PCEs) and extended product 
life�mes, but they also possess the transforma�ve ability to revolu�onize the solar PV 
industry. With the poten�al to significantly reduce manufacturing costs, establish 
sustainable product life cycles, and unlock novel applica�ons beyond tradi�onal c-Si 
modules, such as mul�-junc�on tandem solar cells, solar windows, internet-of-things 
(IoT) devices, and building-integrated PV (BIPV) [5], [6]. 

This doctoral thesis focuses on the development of thin film PV technology based on 
an emerging class of highly promising inorganic an�mony chalcogenide [Sb2X3 (X = S, Se, 
or SxSe1–x)] PV absorbers. Over the last decade, Sb-chalcogenides have been studied 
intensively due to their fascina�ng optoelectronic proper�es, including simple binary 
structure, low toxicity, earth-abundant cons�tuents, and low processing temperatures. 
While conven�onal thin film PV absorbers CdTe and CIGSSe display three-dimensional 
(3D) grain growth, Sb-chalcogenides exhibit a unique quasi-one-dimensional (Q-1D) 
crystal growth, which bring about strongly anisotropic electrical proper�es [7]. Adop�on 
of novel growth strategies and improvements to device architecture have enabled  
Sb-chalcogenide PV devices to reach PCEs of 8–11% [8]–[13]. Despite exceeding >10% 
efficiency, thin film solar cells based on CdTe, CIGSSe, Cu2ZnSn(S,Se)4 (CZTSSe), and 
perovskite absorbers s�ll outperform Sb2X3 PV devices. Hence, performance limi�ng 
factors related to unfavorable grain orientation and intensive non-radiative recombination 
s�ll must be resolved to ramp up the performance. 

Physical vapor deposi�on (PVD) methods, such as vapor transport deposi�on (VTD) 
and close-spaced sublima�on (CSS), offer a facile and fast deposi�on route for Sb2X3 
absorber materials. Op�mized grain microstructure and orienta�on control of physically 
deposited Q–1D Sb2X3 films have been key aspects to achieving high-performance solar 
cells. Sb-chalcogenides possess orthorhombic crystal structure, where [Sb4X6]n ribbons 
stack along the c-axis, or the [001] crystal direc�on. Consequently, carrier transport along 
the covalently bonded [Sb4X6]n ribbons is significantly beter than carrier hopping 
between the ribbons. The technological challenge is to develop a deposi�on strategy, 
which allows the growth of Sb2X3 films with compact and large grain morphology as well 
as quasi-ver�cal orienta�on (crystal orienta�ons [hkl], where l ≠ 0). Various growth 
strategies, which include op�miza�on of substrate temperature, seed screening, use of 
different ETLs, and post-deposi�on treatment, have been demonstrated to promote 
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Sb2X3 film growth along the [001] direc�on [14]–[20]. Changes to the grain orienta�on in 
Sb2X3 films are usually determined using texture coefficient (TC) analysis, although which 
has been argued to not be best suited for highly anisotropic polycrystalline films due to 
poten�al overes�ma�on of the actual distribu�on of grain orienta�ons [21]. 

A large open-circuit voltage (VOC) deficit is one of the biggest botlenecks to why Sb2Se3 
devices are s�ll far from the theore�cal efficiency limit [22]. VOC losses can be atributed 
to bulk defects, which lie deep in the band gap and cause charge trapping and consequent 
recombina�on, and interface defects, which arise from unfavorable band alignment, 
dangling bonds, or la�ce mismatch at the heterojunc�on interface [6], [23]. 
Comprehensive understanding of defect structure is required for refining processing 
steps tackling the recombina�on processes. Theore�cal studies have thus far predicted 
large concentra�ons of deep defects, such as SbSe and SeSb an�site defects in Sb2Se3 and 
VSb and VS vacancies in Sb2S3, which could be lying deep in the bandgap. Besides deep level 
transient spectroscopy (DLTS), photoluminescence (PL), and temperature-dependent 
conduc�vity measurements, there are only few studies in the literature characterizing 
deep defects in Sb2Se3 and Sb2S3 devices by temperature-dependent admitance 
spectroscopy (TAS). Comparison of these studies shows significant discrepancies between 
the reported ac�va�on energies and the assignments to certain types of defects. Further 
informa�on is needed to elucidate the defect chemistry of Sb2Se3 and Sb2S3.  

In this doctoral thesis, we developed CSS deposi�on strategies, which entailed 
op�miza�on of processing variables such as substrate temperature, seed screening,  
and selec�on of suitable op�mal ETL, and which enabled growth of high-quality Sb2Se3 
and Sb2S3 thin films. We demonstrated pole figures and electron backscater diffrac�on 
(EBSD) to improve accuracy of grain orienta�on analysis for Sb-chalcogenide films.  
We determined thermal ac�va�on energies of poten�al deep defects in both Sb2Se3 and 
Sb2S3 devices using TAS. By developing the comprehensive growth approach improving 
knowledge of performance-limi�ng defects in Sb2Se3 and Sb2S3 absorbers, this work 
helped to lay the groundwork for future development of Sb2(S,Se)3 solar cells by CSS. 

The doctoral thesis is composed of three main chapters. Chapter 1 begins with an 
overview of the present and emerging solar PV technologies, which is followed by an 
introduc�on to the atrac�ve proper�es of Sb-chalcogenides and current challenges 
limiting the performance of Sb2Se3 and Sb2S3 PV devices. Chapter 2 covers the experimental 
procedures, which were employed in the work to fabricate and characterize Sb2Se3 and 
Sb2S3 thin films absorbers and completed PV devices. Chapter 3 is divided into four 
sec�ons, which are all based on results and discussion obtained originally during the 
development of Sb2Se3 and Sb2S3 PV devices. The first section focuses on the development 
of CSS growth strategy for Sb2Se3 thin films. The second sec�on focuses on the device 
characteriza�on of Sb2Se3 PV devices to reveal poten�al deep defects in Sb2Se3 as well as 
other recombina�on processes. The third sec�on focuses on the development of CSS 
growth strategy for Sb2S3 thin films. The fourth sec�on focuses on the device 
characteriza�on of Sb2Se3 PV devices to reveal poten�al deep defects in Sb2Se3 as well as 
other recombina�on processes. The thesis concludes with a summary highligh�ng the 
main goals achieved during the doctoral work. 
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Abbreviations 
NZE Net zero emissions 
PV Photovoltaics 
c-Si Crystalline silicon 
mc-Si Mul�crystalline silicon 
a-Si:H Amorphous silicon 
Sb2Se3 An�mony selenide 
Sb2S3 An�mony sulfide 
Sb2(S,Se)3 An�mony sulfoselenide 
Sb2X3  An�mony chalcogenide – Sb2Se3, Sb2S3, Sb2(S,Se)3 
CdTe Cadmium telluride 
CIGSSe Copper indium gallium sulfoselenide – Cu(In,Ga)(S,Se)2 
CZTSSe Kesterite – Cu2ZnSn(S,Se)4 
GaAs Gallium arsenide 
InP Indium phosphide 
GaInP Gallium indium phosphide 
AlN Aluminium nitride 
Eg Bandgap energy 
α Photoabsorp�on coefficient 
vdW Van der Waals 
CSS Close-spaced sublima�on 
RTE Rapid thermal evapora�on 
VTD Vapor transport deposi�on 
IVD Injec�on vapor deposi�on 
TE Thermal evapora�on 
ALD Atomic layer deposi�on 
CBD Chemical bath deposi�on 
HT Hydrothermal method 
TCO Transparent conduc�ve oxide 
FTO Fluorine-doped �n oxide 
ITO Indium-doped �n oxide 
AZO Aluminium-doped zinc oxide 
ETL Electron transport layer 
HTM Hole transport material 
VOC Open-circuit voltage 
JSC Short-circuit density 
FF Fill factor 
PCE Power conversion efficiency 
RS Series resistance 
RSH Shunt resistance 
EA Ac�va�on energy 
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NCV Carrier density 
C Capacitance 
q Elementary charge 
kB Boltzmann constant 
T Temperature 
AC Alterna�ng current 
TC Texture coefficient 
ΔG Gibbs free energy 
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1 Literature review 

1.1 Present status of solar photovoltaics (PV) 
Today’s PV market is dominated by crystalline silicon (c-Si) that boasts a 95% market 
share. Substan�al efficiency growth from 15% to 20% for an average commercial c-Si 
module over the last decade, declined manufacturing costs and increased produc�on 
volumes have driven c-Si module costs down significantly, with wholesale module prices 
having dropped to US$ 0.17–0.25 W–1 in 2021 [24], [25]. Power conversion efficiency 
(PCE) of a record c-Si solar cell is 26.8%, which s�ll leaves room for further improvement 
[26], since the detailed balance limit of efficiency for a single-junc�on solar cell with 
bandgap energy of 1.1 eV is 32% [27].To compete with c-Si for a larger market share, any 
PV technology must demonstrate beter pricing or efficiency while maintaining a similar 
average life�me [24], [28]. Figure 1 displays the highest PCEs achieved by both older 
genera�on and emerging solar PV technologies, ploted against the bandgap energy (Eg) 
of the respec�ve PV absorbers. The green curve represents the maximum theore�cal 
efficiency according to the Shockley-Queisser (S–Q) detailed balance limit, a fundamental 
concept in the field of PV research [27]. 

Thin film PV – CdTe, CIGSSe, and a-Si – and III-V group PV currently make up the 
remaining 5% of global market share. Cadmium telluride (CdTe) and copper indium 
gallium sulfoselenide (CIGSSe) are widely studied chalcogenide solar cells, which have 
achieved efficiencies 22.1% and 23.4%, respec�vely [26]. Of these two, CdTe has recently 
shown greater promise with module efficiencies having reached 18.6% for a module price 
of US$ 0.28 W–1 [25]. However, further market uptake of CdTe PV modules has been 
constrained by scarcity of tellurium (Te) and nega�ve percep�on of cadmium [29]. 
Cadmium (Cd), in its elemental form, is carcinogenic. On the other hand, CdTe is a 
chemically robust compound, which has been found to be 100 �mes less toxic than Cd 
[29]. CdTe PV modules are also exempt from the EU ban on Cd-based electronic 
equipment [30]. 

Champion CIGSSe PV modules have demonstrated PCE of of 19.8% [26], while 
commercially available modules show efficiencies of 12–16% [25]. Although CIGSSe 
modules currently have larger prices, their development today is focused more on flexible 
PV applica�ons [25], [31]. Large-scale produc�on of CIGSSe modules could be limited by 
availability and high price of In and Ga [28]. Amorphous silicon (a-Si) solar cell has reached 
PCE of 10.2% but has not shown any progress over the last decade [26], [28]. Gallium 
arsenide (GaAs), gallium indium phosphide (GaInP), and indium phosphide (InP) are  
III-V materials. GaAs has recorded PCE of 29.1%, the highest ever produced for a  
single-junc�on PV device [26]. GaInP and InP solar cell have achieved PCEs of 22.0 and 
24.2%, respec�vely [28]. Commercially available triple-junc�on III-V modules, which are 
based on GaAlAs, GaInP, and InGaAs, have shown efficiencies 25–32%, but significantly 
higher costs – orders of magnitude greater than that of c-Si – have limited III-V modules 
to niche markets, such as aerospace applica�ons [25], [26], [28]. 

Emerging PV technologies include kesterite, perovskite, organic, quantum dot and  
dye-sensitized solar cells. Kesterite materials CZTS (Cu2ZnSnS4) and CZTSSe (Cu2ZnSnS4-xSex) 
emerged as alterna�ves to CIGSSe, which can be processed by following similar 
strategies, but where rare elements Ga and In are subs�tuted for more readily available 
Zn and Sn [28], [32]. Record PCEs of CZTS and CZTSSe solar cells are 11.0% and 13.0%, 
respec�vely [26]. Kesterite PV devices are currently hampered by bulk defects and 
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unfavorable heterojunc�on band alignment, which severely limit the open-circuit voltage 
(VOC) [28], [32], [33]. Solar cells based on metal halide perovskites ABX3 have caused huge 
excitement among the PV community, having reached efficiencies of >20% already within 
a decade of research [33]. Champion Pb-based halide perovskite solar cell and module 
have demonstrated PCEs of 25.7% [34] and 22.7% [35], respec�vely. More importantly,  
a perovskite/Si tandem solar cell has reached a remarkable PCE of 32.5%, which rivals the 
performance of more expensive III-V mul�junc�on solar cells [36].  

Figure 1. The highest PCEs of various solar PV technologies, plotted against the bandgap energy 
(Eg) of the respective PV absorbers, with the green curve depicting the maximum theoretical 
efficiency according to the Shockley-Queisser detailed balance limit [27]. 

Unusually good defect tolerance, excellent band alignment with various inorganic and 
organic electron and hole transport layers, and low-cost processing have been the key 
factors behind the fast progress of halide perovskites solar cells [28], [33], [37]. Despite 
that, several issues s�ll hinder their commercializa�on. With the degrada�on rates s�ll 
largely unknown, chemical stability of perovskite solar cells remains as the main issue 
[25], [38]. Toxicity of lead (Pb) in halide perovskites solar cells poses environmental 
hazards [39]. Organic photovoltaics (OPV), which are based on bulk heterojunc�on 
between donor-acceptor-polymers, have progressed efficiencies above 18% [40], [41]. 
Dye-sensi�zed solar cell (DSC), which employs a light-harves�ng organic photosensi�zer 
on a mesoporous nanocrystalline semiconductor film and a redox electrolyte, has produced 
a PCE of 15.2% [42]. Quantum dot solar cell (QDSC) has also thrived fast, having reached 
an impressive PCE of 18.2% in ten years of research [36]. QDSCs have bandgap energies 
that can be tuned by the colloidal nanopar�cle size, thus providing a facile processing 
route for fabrica�ng mul�-junc�on solar cell. 

Significantly advancing over the past decade, Sb2Se3, Sb2S3, and Sb2(S,Se)3 thin film 
solar cells demonstrated remarkable progress, achieving impressive power conversion 
efficiencies (PCEs) of 10.1%, 8.0%, and 10.7%, respec�vely [9], [10], [13]. The excellent 
optoelectronic proper�es and physicochemical stability of Sb2X3, combined with its 
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processability, enable seamless integra�on into various PV device architectures, further 
enhancing its appeal for a diverse range of cu�ng-edge photovoltaic (PV) applica�ons. 
These applica�ons include tandem solar cells, internet-of-things (IoT) devices, flexible 
solar cells, and building-integrated PV (BIPV) [5], [6]. Addi�onally, the dis�nc�ve Q–1D 
properties of Sb2X3 offer opportunities to tailor its electrical characteristics, enabling higher 
charge carrier mobilities and increased defect tolerance. Moreover, the sustainability factor 
of Sb2X3 makes it an environmentally friendly choice, perfectly aligning with the growing 
global focus on sustainable renewable energy technologies. Altogether, these excep�onal 
features posi�on Sb2X3 as a highly compelling candidate for the next genera�on of PV 
technologies.  

1.2 Sb-chalcogenides as promising absorber materials for thin film solar 
cells 
Excellent optoelectronic properties 
An�mony selenide (Sb2Se3) and an�mony sulfide (Sb2S3) are inorganic semiconductor 
materials that belong to a family of V-VI group binary metal-chalcogenides (e.g., Bi2S3, 
Bi2Se3, Bi2Te3, Sb2Te3) [43]. High light absorp�on coefficient (α > 104 cm−1) [44], [45] and 
suitable bandgap energy (Eg) are excellent optoelectronic proper�es, which have made 
Sb2Se3 and Sb2S3 atrac�ve for PV applica�ons. Sb2Se3 exhibits Eg of 1.1–1.3 eV [12] and 
is reported having p-type conduc�vity [12], [44], [46], although n-type conduc�vity 
related to extrinsic impuri�es has also been reported [47]. Sb2S3 has a wider Eg of  
1.7–1.8 eV [48]. Experimentally determined bandgaps of Sb2Se3 and Sb2S3 are presented 
in Fig. 2. 

Figure 2. Tauc plot for bandgap calculation of the as-synthesized Sb2Se3 and Sb2S3 films. Adapted 
with permission [49]. Copyright 2020 Wiley-VCH. 
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It has been demonstrated that crystal planes of (010), (110), (120) of Sb2Se3, which 
extend parallel with the [001] direc�on, have lowest surface energies and hence require 
no breaking of Sb-Se bonds inside the ribbons [46]. Furthermore, Sb2Se3 has been 
reported to possess a self-healing property, according to which structural relaxa�on of 
atoms at the GBs can eliminate the deep defect states generated by dangling bonds on 
the surface of (100) and (010) crystal planes [6], [57]. 

Flexible device architectures 
To date, a wide range of physical and chemical deposi�on methods have been u�lized for 
the fabrica�on of Sb2Se3 and Sb2S3 thin films. In this respect, several device architectures 
have been inves�gated to fully harness the unique proper�es of Sb2X3 materials. 

The sensi�zed-type solar cell (SSC) device architecture, as shown in Fig. 6a, has been 
adapted from the organic DSC structure and is primarily deployed with the Sb2S3 
absorber. The device is fabricated on a glass substrate coated with a transparent 
conduc�ve oxide (TCO). Fluorine-doped �n oxide (FTO) and indium-doped �n oxide  
(ITO) are two of the more commonly used TCOs, which have large bandgap energies  
(Eg ~3–4 eV), high op�cal transmitance (>80%) and low sheet resistance (<15 Ω/sq). 
Subsequently, a compact �tanium dioxide (TiO2) film is deposited on the TCO and covered 
with a mesoporous TiO2 (mp-TiO2) scaffold. This is followed by the deposi�on of an 
extremely thin absorber (ETA) of Sb2X3, o�en with a chemical bath deposi�on (CBD) 
method. On top of the Sb2S3 absorber, a hole transport material (HTM), or a hole 
transport layer (HTL), is deposited, followed by a conduc�ve metal film ac�ng as the back 
electrode. HTMs are typically made from organic p-type semiconductor materials.  
The most commonly used HTMs include poly(3-hexylthiophene-2,5-diyl) (P3HT) and 
spiro-OMeTAD. Back electrodes are typically composed of non-transparent thin films of 
metal, such as gold (Au), silver (Ag), or pla�num (Pt), which have excellent electrical 
conduc�vity. When exposed to sunlight, electron-hole pairs are generated within the 
absorber layer. The resul�ng electrons are then extracted across the mp-TiO2 scaffold to 
the front electrode, while the holes are transported through the HTM to the back 
electrode. The final structure is TCO/TiO2/mp-TiO2/Sb2X3/HTM/metal [7], [58]. 

Figure 6. Device configurations for sensitized, superstrate and substrate solar cells. Sb2X3 is the 
common chemical formula for Sb2S3, Sb2Se3, Sb2(S,Se)3. Reproduced with permission [23]. Copyright 
2021, Wiley-VCH. 

Both the superstrate-type device and the SSC have their layers stacked on a TCO/glass 
substrate, as depicted in Fig. 6b and 6c, respec�vely, and they need to be inverted when 
exposed to sunlight to func�on properly. However, superstrate-type devices differ from 
SSCs in that they use planar thin films. An electron transport layer (ETL), also known as a 
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heterojunc�on (HTJ) partner layer or buffer layer, is deposited first on the TCO. Generally, 
ETLs exhibit n-type conduc�vity and par�cipate in the forma�on of a pn-junc�on at the 
heterojunc�on interface between the ETL and the Sb2X3 absorber. If the ETL layer has a 
carrier density that is several orders of magnitude higher than that of the adjacent 
absorber, the pn-junc�on can extend further into the absorber. Inorganic wide bandgap 
n-type semiconductor materials, such as �tanium dioxide (TiO2), cadmium sulfide (CdS), 
and zinc oxide (ZnO), are typical ETLs for Sb2Se3 and Sb2S3 [17], [20], [59], [60]. A�er the 
ETL, Sb2Se3 and Sb2S3 absorber films are deposited, some�mes followed by the HTM. 
Finally, metal contacts are added to complete the device structure, which is 
TCO/ETL/Sb2X3/HTM/metal. Substrate-type devices differ from both SSCs and superstrate 
devices in their structure and deposi�on sequence. In these devices, the en�re structure 
is stacked on a non-transparent molybdenum (Mo) film, which serves as the back 
electrode. The deposi�on sequence is reversed compared to that of SSCs and superstrate 
devices. In substrate devices, the structure is Mo/Sb2X3/ETL/TCO, with the Sb2X3 absorber 
layer deposited directly onto the Mo substrate. This is followed by the ETL layer and then 
the transparent conduc�ve oxide (TCO) layer.  The front electrode in substrate solar cells 
is typically made of aluminium-doped zinc oxide (AZO). 

1.2.1 Physical vapor deposition (PVD) methods for fabricating Sb2Se3 and Sb2S3 
thin films 

Vapor transport deposition (VTD) 
Vapor transport deposi�on (VTD) is a rapid and low-cost thin film deposi�on method, 
which has commercial applica�on in fabrica�ng CdTe solar modules [11]. Vapor transport 
deposi�on (VTD) allows independent control of the source and substrate temperature.  
In addi�on, distance between the source and substrate and par�al pressure of ambient 
gases can be tuned for op�mal film growth [52]. Thin film deposi�on is assisted by an 
inert carrier gas, like N2, Ar, or He, which facilitates vapor flux transport to the substrate 
surface, but also reduces the kine�c energy of vapor par�cles. [11]. VTD deposi�on is 
usually conducted in a horizontal quartz tube with two independent hea�ng zones,  
as depicted in Fig. 7 [11]. The source powder is placed in a graphite crucible, while the 
substrate is placed on a slanted substrate at >10 cm from the source [11], [18]. 

Figure 7. Schematic of a VTD system. Reproduced with permission [11]. Copyright 2018, Springer 
Nature. 
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Tang’s group demonstrated that the VTD-fabricated Sb2Se3 films had higher film 
crystallinity, longer carrier life�mes and lower density of bulk and interfacial defects as 
compared with Sb2S3 films deposited by rapid thermal evaporation (RTE); it was concluded 
that longer deposi�on and larger space between the source and substrate in the VTD 
process improved even mixing of vapor par�cles [11], [53]. Zeng et al. studied the 
deposi�on of Sb2S3 films with RTE and VTD and found that longer deposi�on �me and 
larger distance between the source and substrate facilitate Sb2S3 film growth with 
enhanced texture of (hk1) planes [61]. Highest PCEs of achieved by VTD-fabricated Sb2Se3 
and Sb2S3 solar cells are 7.6% [11] and 3.5% [20], respec�vely. 

Close-spaced sublimation (CSS) 
Close-spaced sublima�on (CSS) is a thin film deposi�on method known for its higher 
growth rates (1.0–1.5 µm min–1) compared to VTD [45], [52]. In the context of this doctoral 
work, a descrip�on of a custom-made CSS reactor is provided, as depicted in Fig. 8.  
The reactor is a cylindrical structure with stainless metal cladding on the sides and 
enclosed by graphite plates at both ends. The source powder and substrate are confined 
between the two graphite plates, posi�oned approximately 3–11 mm apart. The source 
material is placed in the cylindrical quartz crucible, with the walls of the quartz crucible 
extending up to the substrate, thereby providing an enclosed deposi�on environment. 

The substrate, fixed on the edges of the crucible walls and supported by the upper 
graphite plate from the back, faces down towards the source. Independent temperature 
control is achieved through two sets of heaters and embedded thermocouples within the 
graphite plates [12]. The heat, radiated by tungsten coils or lamp heaters, is transferred 
by the graphite plates to the source and substrate. The high vacuum maintained within 
the reac�on chamber (10-4–10-6 Torr) ensures the sublima�on process (solid to gas phase 
transi�on) occurs at source temperatures below the mel�ng point of the source material. 

Figure 8. Schematic of a CSS system. Source and substrate temperatures are independently controlled 
using two sets of heating elements and thermocouples.  

Thin film deposi�on is driven by the temperature gradient, where the vapor flux travels 
and condenses on the substrate as a solid film. The substrate is held at a lower 
temperature, sufficient for crystalliza�on to occur. The heated crucible walls play a role 
in maintaining isothermal condi�ons within the confined space, ensuring uniform and 
congruent deposi�on of Sb2Se3 and Sb2S3 thin films. CSS deposi�on can also be conducted 
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in an inert gas environment, such as N2 or Ar. For example, Major et al. deposited Sb2Se3 
films under 10 Torr of nitrogen [47]. Record PCEs achieved by CSS-fabricated Sb2Se3 and 
Sb2S3 are 9.3% [62] and 4.5% [63], respec�vely. The 4.5%-efficient Sb2S3 device was 
atained through co-sublima�on of a solid mixture comprising of Sb2S3 and Se [64].  
The comparable vapor pressures of Sb2Se3 and Sb2S3 make CSS suitable for co-sublima�on 
and deposi�on of Sb2(S,Se)3 thin film solar cells [50]. 

Rapid thermal evaporation (RTE) 
Tang’s group developed a rapid thermal evapora�on (RTE) technique, which is an 
advancement from simple thermal evapora�on. RTE was developed because thermal 
evapora�on (TE) deposi�on rates were low (up to 0.1 µm min–1) and resulted in Sb2Se3 
film growth with increased presence of [hk0] grain orienta�ons [53]. The deposi�on 
process is similar to the CSS; the distance between the source and substrate is around 
1 cm and the growth rates reach 1 µm min–1 [46]. RTE differs from CSS in the fact that the 
source powder first melts and then evaporates from the liquid phase [46]. The schema�c 
of a RTE setup is given in Fig. 9 [65]. 

Figure 9. Schematic of an RTE setup, where halogen lamps provide heat to the source and substrate. 
Reproduced with permission [65]. Copyright 2019, Wiley-VCH. 

Source powder is placed on a support made of aluminium nitride (AlN), the substrate 
is placed above the source, with the substrate facing down. Graphite is used as heat sink, 
which covers the backside of the substrate [65]. Infrared radia�on from halogen lamps 
provides heat, resul�ng in high temperature ramp rates (10 °C s–1) [65]. Highest 
efficiencies of RTE-fabricated Sb2Se3 and Sb2S3 solar cells are 7.6% [65] and 4.5% [20], 
respec�vely.  

Chemical methods 
In addi�on to PVD methods, numerous chemical methods have been used to successfully 
fabricate Sb2X3 thin film solar cells, especially Sb2S3 and Sb2(S,Se)3 devices. These include 
chemical bath deposi�on (CBD), spin coa�ng, hydrothermal (HT) method, atomic layer 
deposi�on (ALD), and chemical spray pyrolysis (CSP). CBD is the most widely used method 
for producing Sb2S3 thin films, which offers inexpensive fabrica�on and simple process 
control [66]. The record planar and sensi�zed Sb2S3 solar cells, which have achieved PCEs 
of 8.0% and 7.5%, respec�vely, have been obtained using CBD [6], [8], [9]. The main 
limita�ons of CBD-deposited films are concerned with the presence of secondary phases 
and weak presence of (hk1) planes [6]. Spin coa�ng is another rapid and low-cost 
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deposi�on method, with which Sb2Se3 and Sb2S3 solar cells have produced efficiencies of 
7.1% and 5.4%, respectively [67], [68], but which often lacks uniform coverage and requires 
annealing step for crystalliza�on [66]. The HT method is similar to CBD, but is carried out 
in an autoclave, which allows elevated pressures, higher temperatures and inert 
atmospheres [66]. The HT-deposited Sb2(S,Se)3 solar cell has produced the highest PCE of 
10.7% [13]. ALD offers greater phase purity and beter uniformity of Sb2X3 thin films than 
previously men�oned methods but lacks compa�bility for large-scale manufacturing and 
requires ultrahigh vacuum [6]. CSP is a wet chemical method suitable for large scale 
manufacturing. Ultrasonic spray pyrolysis (USP), which is a subclass of CSP, is deployed 
within our research group for fabrica�ng Sb2S3 and TiO2 films. Our group has reported 
USP-deposited Sb2S3 solar cell with PCE of 5.5% [69].  

1.2.2 Electron transport layers (ETLs)  

Titanium dioxide (TiO2) 
Titanium dioxide (TiO2) is a IV-VI group semiconductor, which has been widely 
inves�gated in PV devices and photocataly�c applica�ons [70], [71]. With a wide Eg of 
3.0–3.2 eV, TiO2 ensures high op�cal transmitance in the visible and near-infrared (NIR) 
wavelength region and photosensi�vity in the ultraviolet (UV) wavelength region [70].  
In addi�on, TiO2 demonstrates n-type conduc�vity atributed to the presence of  
donor-type oxygen vacancies [72]. Both anatase and ru�le are the prevalent crystal 
phases of TiO2 [73]. 

TiO2 thin films can be synthesized using various techniques, including solu�on-based 
methods such as sol-gel, spray pyrolysis, and spin coa�ng, as well as vacuum-based 
methods like sputering, pulsed laser deposi�on (PLD), chemical vapor deposi�on (CVD), 
and atomic layer deposi�on (ALD) [74]. These different techniques allow the produc�on 
of TiO2 in different forms, such as planar, mesoporous, nanopar�cle structures. TiO2 finds 
par�cularly extensive use as the ETL in DSCs and PSCs. Notably, mesoporous TiO2  
(mp-TiO2), deposited on a metal oxide blocking layer, serves as a scaffold, providing a 
highly porous structure of interconnected nanopar�cles that facilitates efficient 
separa�on of photocarriers [75]. Although TiO2 ETLs have demonstrated high electron 
injec�on rates and proper energy band alignment in PSCs, but their rela�vely low 
electron mobility of 0.1–1.0 cm2 V–1 s–1 contributes to recombina�on rates, promp�ng 
research groups to explore viable alterna�ves [70]. 

One of the disadvantages about using TiO2 layers relates to their poor bonding  
and consequently bad adhesion with Sb2Se3 and Sb2S3 at the interface. Since Sb-S and  
Sb-Se bonds have low polarity, it renders Sb2Se3 and Sb2S3 hydrophobic. The surface of 
the TiO2 layer, however, has a hydrophilic nature, which could obstruct efficient we�ng 
of Sb2Se3 and Sb2S3 onto the TiO2 surface. Furthermore, dangling bonds, which result 
from poor bonding, are potent recombina�on sites, and therefore increase interface 
recombina�on [6]. 

Cadmium sulfide (CdS) 
Cadmium sulfide (CdS) is a semiconductor belonging to the II-VI group. It finds extensive 
use as a ETL in CdTe, CIGSSe, and CZTSSe thin film solar cells. It has a rela�vely narrow Eg 
of 2.4 eV and exhibits intrinsic n-type conduc�vity due to the presence of sulfur vacancies 
[76]. Its high electron affinity and mobility have also made CdS thin films a popular choice 
as an ETL also in Sb2Se3 and Sb2S3 solar cells. CdS has two main crystal phases: cubic zinc 
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blende and hexagonal wurtzite. The most common fabrica�on method is the chemical 
bath deposi�on (CBD) technique. Other reported methods include RF-magnetron 
sputering, thermal evapora�on (TE), and CSS [11], [76]–[78]. 

To enhance the conduc�vity of CdS films, some groups u�lize a post-deposi�on 
treatment with cadmium chloride (CdCl2). This treatment introduces chlorine (Cl) dopants, 
which create shallow donor levels in the bandgap, improving the film conduc�vity [79], 
[80]. However, CdS has certain drawbacks, including parasi�c absorp�on and the toxicity 
of cadmium. The narrow bandgap of CdS causes parasi�c absorp�on of blue light, which 
hinders charge excita�on within the absorber. This issue can be mi�gated by using thinner 
CdS films (<80 nm) [76]. Exposure to ultraviolet (UV) light can trigger a photocorrosion 
process in CdS, leading to the release of highly toxic Cd2+ ions [74].  

Chemical intermixing between CdS and Sb2Se3 has been reported in devices with 
superstrate architecture. Higher processing temperatures could induce Cd outdiffusion 
from CdS and cause chemical intermixing with Se from Sb2Se3 at the interface. 
Huter et al. reported about the forma�on of a CdSe interface layer, which has a wider 
bandgap than CdS and may act as a barrier to electron transport [59]. 

Heterojunction band alignment 
Proper heterojunc�on band alignment plays a crucial role in facilita�ng effec�ve carrier 
transport within the PV device. It remains unclear which ETL offers beter alignment with 
the Sb2Se3 and Sb2S3 absorbers. Heterojunc�on band alignment refers to the alignment 
of energy levels, specifically the valence band maximum (VBM) and conduc�on band 
maximum (CBM), between the ETLs and absorber layers. These energy levels are 
referenced to the vacuum level. Band offset, on the other hand, represents the energy 
difference between the respec�ve VBM or CBM levels. A posi�ve conduc�on band offset 
(CBO) creates a spike, which acts as an electrosta�c barrier, hindering electron transport 
into the ETL layer [47], [77]. Ideally, a small nega�ve offset (ΔCBO < 0) is desirable. 
However, excessively nega�ve offsets cause the CBM of the ETL and the VBM of the 
absorber to come too close, leading to electron-hole recombina�on through interface 
defect states. Shiel et al. [77] demonstrated that TiO2 exhibits a large posi�ve conduc�on 
band offset (∆CBO > 0) with Sb2Se3, crea�ng a barrier to electron flow. On the other hand, 
CdS shows excellent alignment between the CBM levels of CdS and Sb2Se3 thin films, 
making it a more favorable choice as an ETL candidate. 

1.2.3 State-of-the-art of Sb2Se3, Sb2S3, and Sb2(S,Se)3 solar cells 
Different device architectures are not the only parameter that dis�nguishes Sb2X3 solar 
cells. The deposi�on method used to fabricate the Sb2X3 absorber is another significant 
factor. This doctoral work primarily focuses on the physical processing of Sb2Se3 and Sb2S3 
thin films, and the following sec�on highlights the major milestones of the physically 
processed PV devices. However, it is worth no�ng that in the case of Sb2S3 and Sb2(S,Se)3, 
the chemically processed PV devices have progressed further. 

Sb2Se3 solar cells  
In 2009, the first Sb2Se3 PV device was produced, demonstra�ng a PCE of 0.66% [81].  
In 2013, Choi et al. reported a 3.2%-efficient Sb2Se3 solar cell that u�lized spin-coated 
Sb2Se3 as a light sensi�zer on mp-TiO2, mimicking the configura�on of DSCs [82]. Since 
then, substan�al progress has been achieved in enhancing the efficiency of both 
superstrate and substrate Sb2Se3 solar cells, par�cularly in rela�on to the deposi�on of 
Sb2Se3 absorbers using PVD methods. In 2015, Zhou et al. demonstrated a CdS/Sb2Se3 
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solar cell with a PCE of 5.6% [46]. In 2017, Wang et al. achieved a 6%-efficient solar cell 
with a superstrate ZnO/Sb2Se3 device [17]. In the same year, Chen et al. employed a 
colloidal PbS film as an HTM on the Sb2Se3 absorber, ataining a PCE of 6.5% with a 
CdS/Sb2Se3/PbS superstrate structure [83]. In all three previous studies, the Sb2Se3 film 
was deposited by RTE, which exhibits a growth rate comparable to the CSS method.  

In 2018, Huter et al. reported a 6.6%-efficient superstrate TiO2/Sb2Se3/PCDTBT solar 
cell, with Sb2Se3 deposited by CSS [59]. In the same year, Tang’s group achieved a 
champion solar cell with a superstrate CdS/Sb2Se3 configura�on, exhibi�ng a PCE of 7.6% 
[11]. In 2019, Mai’s group achieved a PCE of 9.2% with a device structure of 
ZnO:Al/ZnO/CdS/TiO2/Sb2Se3/MoSe2/Mo in substrate configura�on, which incorporated 
nanostructured Sb2Se3 arrays deposited by CSS [12]. It is noteworthy that previous solar 
cells predominantly exhibited Sb2Se3 grains growing along the [211] and [221] direc�ons 
[11], [17], [46], [59], [78]. In contrast, Li et al. were first to demonstrate Sb2Se3 ribbons 
that were aligned along the [001] direc�on, parallel with the c-axis [12]. In the same year, 
Major’s group achieved a PCE of 5.5% for a TiO2/Sb2Se3 superstrate configura�on,  
u�lizing CSS for the growth of Sb2Se3. In 2020, Major’s group achieved an efficiency of 
7.3% using a CSS-deposited n-type Sb2Se3 in a superstrate FTO/TiO2/Sb2Se3/Au solar  
cell [47]. In 2022, Mai’s group reported record efficiency of 10.1% with a substrate 
glass/Mo/MoSe2/Sb2Se3/CdS/i-ZnO/AZO/Au device, employing a novel injec�on vapor 
deposi�on (IVD) approach for Sb2Se3 fabrica�on [10]. In 2023, Shangwei Dong et al. 
applied the RTE approach on Sb2Se3 and obtained PCE of 7.6% with a superstrate 
ITO/CdS/Sb2Se3/Au device [84].  

Sb2S3 solar cells 
The first Sb2S3 solar cell was reported by Savadogo et al. in 1994. The device had an  
n-type Sb2S3 absorber layer deposited onto a p-Si substrate using chemical bath 
deposi�on (CBD) and achieved an impressive PCE of 5.2% under 1 sun intensity [6], [85]. 
Despite its apparent poten�al, intensive research into Sb2S3 solar cells did not take off 
un�l more than a decade later, when a Sb2S3-sensi�zed solar cell demonstra�ng 3.4% 
efficiency was reported in 2009 [86]. In the following years, improved treatment 
strategies and introduc�on of organic HTM layers led to efficiencies 5.1% [87] and 6.3% 
[88]. In 2015, Seok’s group introduced thioacetamide (TA) post-deposi�on treatment and 
fabricated a champion Sb2S3-sensi�zed device with PCE of 7.5% [8]. All these reported 
studies employed Sb2S3 absorbers, which were synthesized by chemical bath deposi�on 
(CBD) method. 

Planar Sb2S3 solar cells have almost exclusively been fabricated in superstrate 
configura�on with both chemical and physical deposi�on methods. Kim et al. employed 
atomic layer deposi�on (ALD) in 2014 to fabricate Sb2S3 solar cells, achieving 5.8% 
efficiency with a planar superstrate FTO/TiO2/Sb2S3/P3HT/PEDOT:PSS/Au device [89]. In 
2019, Han et al. reported PCE of 7.1% for a planar FTO/TiO2/Sb2S3/SbCl3/Spiro-OMeTad/Au 
solar cell that employed a solu�on-processed Sb2S3 with SbCl3 post-deposi�on treatment 
[90]. The same year, our group presented a superstrate ITO/TiO2/Sb2S3/P3HT/Au solar cell 
with PCE of 5.5%, using ultrasonic spray pyrolysis (USP) to deposit Sb2S3 ETA film [91].  
In 2021, Ning et al. applied hydrothermal method to deposit Sb2S3 and achieved  
PCE of 6.5% with an FTO/TiO2/K:CdS/Sb2S3/Spiro-OMeTAD/Au device [92]. In 2022, 
Chen’s group demonstrated record PCE of 8.0% for Sb2S3 solar cells with a planar 
FTO/CdS/Sb2S3/Spiro-OMeTad/Au device, where a Sb2S3 absorber was CBD-deposited 
with a novel precursor containing multi-sulfur sources [9]. It is worth noting that chemically 
processed planar Sb2S3 solar cells have adopted the n-i-p junc�on, which is similar to SSCs 
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and requires the use of a hole-transpor�ng material (HTM). Absorber layers of chemically 
deposited Sb2S3 solar cells are typically much thinner than those of vacuum processed 
Sb2S3 solar cells. More recently, improvements to Sb2S3 solar cells, fabricated with 
vacuum processed methods, have been reported. Zeng et al. in 2020 used vapor 
transport deposi�on (VTD) to deposit Sb2S3 and achieved a superstrate ITO/CdS/Sb2S3/Au 
solar cell with PCE of 4.7% [61]. In 2021, Chen’s group atained PCE of 6.2% with 
FTO/CdS/Sb2S3/Spiro-OMeTAD/Au solar cell, for which Sb2S3 was deposited by thermal 
evapora�on (TE) from a Sb2S3 and an addi�onal S powder sources [93]. In 2022, Deng  
et al. demonstrated an FTO/TiO2/Sb2S3/Sb2Se3/Au structure with 5.8% efficiency, where 
both Sb2S3 and Sb2Se3 films were deposited by rapid thermal evapora�on (RTE) and a  
60-nm thick Sb2Se3 film acted as an HTM [94]. The same year, Xie et al. employed a Sb2S3 
absorber, which was deposited by close-spaced sublima�on (CSS) and achieved 4.5% 
efficiency with an FTO/CdS/Sb2S3/Au device [64]. Thus far, substrate Sb2S3 devices 
fabricated using sputering and RTE methods have achieved efficiencies of less than 2.5% 
[95], [96]. 

Sb2(S,Se)3 solar cells 
In 2014, Chan Choi et al. produced a Sb2(S,Se)3-sensi�zed solar cell with a PCE of 6.6%, in 
which Sb2Se3 and Sb2S3 films were sequen�ally deposited by spin coa�ng and chemical 
bath deposi�on (CBD) onto a mesoporous TiO2 (mp-TiO2) electron transport layer (ETL) 
[97]. In 2017, Yang et al. developed a 5.8%-efficient superstrate device with Sb2(Se0.8S0.2)3 
absorber, which was fabricated by RTE from Sb2Se3 and S powder sources [98]. In 2018, 
Wang et al. presented a superstrate FTO/CdS/Sb2(S,Se)3/Spiro-OMeTAD/Au solar  
cell with PCE of 6.1%, where a Sb2(S,Se)3 absorber was realized by deposi�ng Sb2Se3  
with hydrothermal (HT) and following post-seleniza�on treatment [99]. In the same  
year, another superstrate device achieved PCE of 6.2% with FTO/CdS/Sb2(S,Se)3/C-Ag 
stack; Sanchez et al. employed a Sb2S0.7Se2.3 absorber, which was obtained by  
thermal evapora�on of chemically synthesized Sb-S-Se precipitates and SbCl3 [100].  
In 2020, Chen’s group achieved PCE of 10.0% for a superstrate device with 
FTO/TiO2/CdS/Sb2(S,Se)3/Spiro-OMeTAD/Au configura�on; Sb2(S,Se)3 absorber was 
synthesized by HT and thermally annealed in N2 environment [101]. Soon a�er,  
they demonstrated how adding ethylenediaminetetraace�c acid (EDTA) to the HT 
synthesis further improved PCE to 10.5% [102]. 

In 2021, Chen’s group fabricated record Sb2(S,Se)3 solar cell with 10.7% efficiency, 
where the Sb2(S,Se)3 absorber was subjected to alkali treatment. Post-deposi�on 
treatment by NaF changed the S/Sb grading, which improved the heterojunc�on band 
alignment and device parameters [13]. The same year, Li et al. reported a CSS-fabricated 
Sb2(S,Se)3 device with PCE of 2.8%, with Sb2(S0.25Se0.75)3 absorber having op�mal S/Se 
ra�o [103]. The record Sb2(S,Se)3 solar cell. This year, a VTD-fabricated Sb2(S,Se)3 solar cell 
demonstrated PCE of 7.1%; Pan et al. deposited Sb2(S,Se)3 using a solid mixture Sb2Se3 
and Sb2S3 with 3:1 mole ra�o [104]. Table 1 summarizes the record solar cell efficiencies 
reported to date for Sb2Se3, Sb2S3, and Sb2(S,Se)3 solar cells fabricated using physical and 
chemical deposi�on methods. Physical deposi�on methods have yielded higher 
efficiencies for Sb2Se3 solar cells, while chemical methods have demonstrated superior 
performance for Sb2S3 and Sb2(S,Se)3 solar cells. 
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due to the larger bond energy of Ti–O (662 kJ mol−1) as compared to Zn–O (284 kJ mol−1) 
and Cd–S (196 kJ mol−1). Consequently, Sb3+ and Se2– atoms do not bond with O2– and Ti4+ 
atoms TiO2 substrate easily, causing lateral growth of [Sb4Se6]n ribbons [65]. This obstacle 
has been overcome by seed screening strategy. 

The objec�ve of a seed layer, which is of the same composi�on as the main film, is to 
produce high nuclea�on density on the substrate for the second stage of the film growth 
[59], [106]. Addi�onally, it ensures good coverage of the absorber film on the ETL, 
preven�ng shun�ng pathways between the n-type ETL and the back contact [47], [59]. 
Although the seed layer incorporates nuclea�on seeds with both [hk1] and [hk0] 
orienta�ons, high substrate temperatures lead to the re-evapora�on of [hk0]-oriented 
seeds. These seeds have weak van der Waals (vdW) interac�ons with the underlying 
substrate. In contrast, the [hk1]-oriented seeds remain intact due to stronger covalent 
bonding [65]. 

Seleniza�on has been employed as a post-deposi�on treatment to improve the grain 
structure and orienta�on. Li et al. selenized the Mo substrate prior to the Sb2Se3 film 
deposi�on, achieving nanorod array structure with strong texture in the [001] direc�on 
[12]. Kumar et al. reported that post-seleniza�on of thermally evaporated Sb2Se3 thin 
films improves the absorber quality by increasing compactness and grain size with 
enhancement of [hk1] orienta�ons. Zhang et al. demonstrated a two-step post-annealing 
process, which consolidates the [hk1] grain orienta�ons in the Sb2S3 films [108]. 

Various strategies have been employed to control the grain orienta�on and 
microstructure of Sb2Se3 and Sb2S3 films, as demonstrated earlier. To op�mize the CSS 
deposi�on process and atain compact Sb2Se3 and Sb2S3 films with enlarged grain 
morphology and improved grain orienta�on along the [001] direc�on, a systema�c 
inves�ga�on of these strategies will be required. 

1.3.2 Defect properties in Sb2Se3 and Sb2S3  
High open-circuit voltage (VOC) deficit, which is defined as Eg/q – VOC, represents a 
significant barrier for Sb2X3 PV devices to achieve their theore�cal efficiency values [22]. 
Fig. 11 shows the VOC values of state-of-the-art planar Sb2Se3, Sb2S3, and Sb2(S,Se)3 
devices, ranging from 0.7–0.9 V [23]. These values fall far short of the poten�al VOC values 
es�mated by the S-Q limit [22], [23]. The substan�al VOC deficit is primarily atributed to 
the high concentra�on of intrinsic defects, which contribute to carrier recombina�on and 
consequently degrade the device performance. 

Intrinsic point defects in semiconductor materials arise from vacancies (missing atoms 
in the crystal la�ce), inters��als (atoms located between la�ce sites), and an�sites 
(when a ca�on replaces an anion, or vice versa) in the crystal la�ce, with defects 
introducing electronic states within the bandgap. The ini�al expecta�on was that both 
Sb2Se3 and Sb2S3 would exhibit six dis�nct types of intrinsic point defects. For Sb2Se3, 
these defects would include two vacancies (ca�on vacancy, VSb, and anion vacancy, VSe), 
two inters��als (an�mony inters��al, Sbi, and selenium inters��al, Sei), and two an�sites 
(ca�on-replace-anion an�site, SbSe, and anion-replace-ca�on an�site, SeSb) [109]. 
Similarly, for Sb2S3, the defects would be VSb, VS, Sbi, Si, SbS, SSb. However, theore�cal 
inves�ga�ons revealed the complexity of the defect chemistry in these compounds. 
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Consequently, the proper�es of defects related to specific atomic sites can be very 
different, which contrasts with the defect proper�es observed in 3D materials like CdTe, 
where all ca�on and anion sites are considered equivalent [109], [112]. Furthermore, the 
presence of weak vdW interac�ons between the Q–1D ribbons creates ample space, 
thereby facilita�ng the forma�on of unconven�onal an�site defects [112].  

Both low conductivities of 10–6–10–8 S cm–1 and high defect densities of 1014–1015 cm–3 

reported in the Sb2Se3 and Sb2S3 indicate extensive defect compensa�on of free carrier 
densi�es [11], [44], [93], [115], [116]. This presents a challenge to analyzing proper�es, 
such as carrier density and mobility [109]. So far, Sb2Se3 absorber has been predominantly 
exhibited p-type conduc�vity [44], [117], [118]. However, it should be noted that n-type 
Sb2Se3 absorbers have also been reported, atributed to the unintended presence of 
extrinsic chlorine (Cl) impuri�es [47]. In the case of Sb2S3, n-type conduc�vity is 
predominantly reported in chemically processed Sb2S3 [116], while p-type conduc�vity 
has been claimed in physically evaporated Sb2S3 films [6], [119]. The conduc�vity type 
determines the majority carrier type, which is essen�al for defect analysis. The defect 
energy levels, par�cularly thermal ac�va�on energies, iden�fied through defect analysis 
methods, are referenced rela�ve to either the VBM or the CBM. 

Theoretical investigations of defect chemistry in Sb2Se3 and Sb2S3  
Defect forma�on in thin films can be influenced by the deposi�on method and processing 
condi�ons, resul�ng in Sb- or Se-(S-rich) composi�ons in the final films. Theore�cal 
inves�ga�ons, such as first-principles calcula�ons and density func�onal theory (DFT) 
studies, report defect forma�on energies and iden�fy dominant defects in both Sb-rich 
and Se-(or S-) rich condi�ons. The forma�on energy refers to the Gibbs free energy 
required for defect forma�on [109]. Defects can begin to have significant concentra�ons 
when their forma�on energies are below 1.5 eV [22]. A lower energy value corresponds 
to a higher expected concentra�on of the specific defect type. Dominant defects are 
typically those with the lowest forma�on energies and contribute to the electrical 
compensation of oppositely charged defects, thereby determining the position of the Fermi 
level and conduc�vity type. 

In terms of Se-rich Sb2Se3, several studies have reported an unusually low forma�on 
energy for SeSb an�site defects, indica�ng their expected presence in high concentra�on 
of 1014 cm–3 [112]. While the anion-replace-ca�on an�site defect would typically act as a 
donor defect, the SeSb an�site defect in Sb2Se3 is known to behave as an acceptor defect, 
which could account for the p-type character [109]. Addi�onally, Huang et al. claimed 
that the low symmetry of Q–1D Sb2Se3 facilitates the forma�on of 2SeSb (2SeSb1 and 
2SeSb2) complex an�site defects, where two Se anions replace one Sb ca�on [112].  
As depicted in Fig. 13, these defects exhibit low forma�on energies and are likely to occur 
in high concentra�ons, thereby contribu�ng to the p-type conduc�vity [112]. 

Scanlon et al. proposed that the SeSb an�site defect has an amphoteric nature and is 
posi�oned deep within the bandgap, serving as a recombina�on center for both holes 
and electrons. Compensa�on for the SeSb an�site defect occurs through a VSb vacancy,  
which acts as a deep acceptor with defect energy levels that are more than kBT (25 meV) 
away from the valence band maximum (VBM) [22]. Liu et al. also revealed that the VSb 
vacancy acts as an acceptor, with a defect energy level located 0.15 eV above the VBM. 
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However, the forma�on enthalpy taking nega�ve values as the Fermi level approaches 
the conduc�on band minimum (CBM) makes the VSb defect an unlikely candidate for 
being responsible for the p-type behavior observed in Sb2Se3 [120]. In Sb-rich condi�ons, 
the forma�on energies of SeSb acceptor defects show a significant increase, while the 
forma�on energies of donor defects, such as SbSe and VSe, decrease [22], [109]. It has 
been revealed by Liu et al. that the VSe vacancy defects largely remain unionized, with 
defect levels posi�oned deep within the bandgap [120]. This limits their contribu�on to 
the n-type conduc�vity. Similarly, the SbSe defects exhibit defect energy levels deep in the 
bandgap, ac�ng as recombina�on centres for both holes and electrons. Consequently, 
achieving intrinsic n-type Sb2Se3 is challenging due to these deep trap states, which cause 
the Fermi level to be pinned in the middle of the bandgap [109]. 

Figure 13. Calculated formation energies and equilibrium concentrations of different defects as 
functions of the Fermi level in Sb2Se3, under the (a) Se-rich and (b) Sb-rich conditions. Adapted with 
permission [112]. Copyright 2019, American Chemical Society. 

Regarding the defect chemistry of Sb2S3 in S-rich conditions, similar to SeSb in Sb2Se3, SSb 
antisite defects are reported to have low formation energies and act as unconventional 
acceptor defects, contributing to weak p-type conductivity. The VS, Sbi, and SSb are dominant 
defects with low formation energies under S-rich conditions [121]. Additionally, according 
to Cai et al., under Sb-rich conditions, there is a competition between VS vacancies acting 
as donor defects and SbS and VSb acting as acceptors, as shown in Fig. 14 [113]. 

This competition results in the Fermi level being pinned slightly closer to the conduction 
band minimum (CBM), leading to weak n-type conduc�vity. In contrast, Zhao et al. reveals 
that both VSb and VS are dominant defects in both Sb- and S-rich condi�ons, with SbS and 
SSb an�sites exhibi�ng higher forma�on energies [114]. 
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The reduced presence of an�site defects is atributed to the larger size difference 
between Sb and S atoms compared to Sb and Se atoms, which affects both the forma�on 
energy and ac�va�on energy. Zhao et al. further claims that all defects, except for VS, 
introduce deep defects [114]. Zhang et al. also reports low forma�on energies for VS in 
both S- and Sb-rich condi�ons but considers it a deep defect [121]. Overall, the dominant 
defects (VS, VSb, SSb, and SbS) in both S- and Sb-rich condi�ons exhibit rela�vely deep 
defect energy levels within the bandgap [113], [114]. 

Figure 14. Calculated formation energies of intrinsic point defects in Sb2S3 as functions of the Fermi 
level under the (a) Sb-rich and (b) S-rich conditions. Adapted with permission [113]. Copyright 2019, 
Wiley-VCH. 

Experimental techniques for investigating defects in Sb2Se3 and Sb2S3 
Experimental techniques, such as deep-level transient spectroscopy (DLTS), temperature-
dependent admitance spectroscopy (TAS), photoluminescence (PL), and temperature-
dependent conduc�vity measurements, play a crucial role in valida�ng the defect levels 
proposed by theore�cal studies. By employing these experimental methods, researchers 
can complement the theore�cal findings and iden�fy the defects that contribute most 
significantly to the non-radiative recombination within solar cells. However, it is important 
to acknowledge that differences in device configura�ons, deposi�on methods, and 
approxima�ons in defect analysis can introduce varia�ons in the energies of defect levels. 
Nonetheless, the ul�mate objec�ve is to enhance our understanding of these underlying 
defects, which in turn facilitates the development of strategies to mi�gate and passivate 
these defects. Subsequently, a brief description of the defect analysis methods is provided. 

Temperature-dependent admittance spectroscopy (TAS) 
Temperature-dependent admitance spectroscopy (TAS) entails capacitance response 
from the free carriers, bulk and possibly interface defects [12]. TAS measurements are 
generally conducted using an equivalent circuit model that includes a capacitor C, which 
is a func�on of angular frequency ω and temperature T, a series resistor RS and a resistor 
R in parallel, as depicted in Fig. 15a [122], [123]. While admitance measurements are 
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Once the electron falls back to the valence band, it recombines with a hole, resulting in the 
emission of a photon with energy, which is the energy difference between the two energy 
states. 

There are numerous recombina�on mechanisms that lead to radia�ve recombina�on. 
In addi�on to band-to-band transi�on, excitonic, donor-acceptor pair (DAP),  
band-to-acceptor, donor-to-band emissions can be dis�nguished, as depicted in Fig. 16 
[127]. DAP transi�ons can involve shallow acceptors that cannot be detected by TAS 
[128]. 

Figure 16. Typical radiative transitions, which can be observed in photoluminescence spectroscopy. 
Modified with permission [127]. Copyright 2022, TalTech press. 

Deep level transient spectroscopy (DLTS) 
Deep level transient spectroscopy (DLTS) is a powerful technique to study deep level 
energy levels and their respec�ve emission rates and densi�es in thin-film solar cells [11], 
[129]. Most reports that have inves�gated deep defects levels in Sb-chalcogenides have 
adopted DLTS approach with minority carrier injec�on (inj-DLTS). DLTS differs from 
admitance in the fact that the device is held at a constant reverse bias during the 
measurement. In standard DLTS mode, the reverse bias is reduced to allow the traps to 
refill with majority carriers in thermal equilibrium [129]. Inj-DLTS mode involves a forward 
bias filling pulse, as depicted in Fig. 17a, which is applied on the diode to inject carriers 
into the deple�on region [129]. 

Capturing a carrier changes the charge on the defect state, inducing change in the 
transient junc�on capacitance. When the filling pulse is relaxed, the carriers will be 
emited, as shown in Fig. 17b, resul�ng in a DLTS signal [130]. Forward bias allows 
detec�on of both electrons and holes. For p-type absorbers, donor defects produce 
nega�ve peaks in the DLTS spectra, while acceptors produce posi�ve peaks [11], [109], 
[130].The capture rate of defect states is affected by varying the current in the forward 
bias pulse [129]. Under forward-bias filling pulse, both electron and acceptors can be 
detected [11], [129], [130]. 
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Figure 17. (a) Schematic of mechanisms during DLTS measurement, (b) Diagram showing the 
capture and emission of holes during the DLTS measurement. Reproduced and modified with 
permission [11]. Copyright 2018, Springer Nature. 

Experimental reports of defects in Sb2Se3 thin films and crystals 
Wen et al. conducted a DLTS analysis on RTE- and VTD-fabricated Sb2Se3 devices and 
revealed deep defect energy levels, which matched well with defect levels predicted by 
Savory et al. in a theoretical DFT study [22]. Two hole traps at energy levels of 0.48–0.49 eV 
and 0.71–0.74 eV above VBM and one electron trap at 0.60–0.61 eV below CBM were 
detected in both RTE- and VTD-processed Sb2Se3 films. The first two energy levels were 
assigned to acceptor defects VSb and SeSb, the electron trap was atributed to a donor 
defect SbSe [11]. Furthermore, defect densi�es in the order of 1014 cm–1 were measured 
in VTD-Sb2Se3 films, which is one order of magnitude smaller than in RTE-Sb2Se3 films 
[11]. Hobson et al. conducted a standard DLTS analysis on n-type bulk Sb2Se3 crystals and 
Sb2Se3 thin film solar cells. Notably, three ac�va�on energy levels of 0.35–0.37 eV,  
0.45–0.46 eV and 0.69 eV below CBM were found in both sample types. Although these 
defect levels were not iden�fied, the iden�fica�on of common deep level defects 
suggests there is minimal impact from the grain boundaries on the defect composi�on; 
the Sb2Se3 thin films act as if they are single crystals [131]. Ma et al. performed DLTS 
analysis on Sb2Se3 devices fabricated using spin-coa�ng technique. DLTS spectra of the 
best 5.23%-efficient device showed three energy levels of 0.48 eV, 0.710eV, and 0.63 eV 
[132]. The first two were hole trap energies, which were assigned to the VSb and SeSb 
according to Savory et al. DFT study [22]. The third energy level was an electron trap, 
which was assigned to the SbSe defect. Recently, Duan et al. employed DLTS on the Sb2Se3 
devices fabricated by injec�on vapor deposi�on (IVD), CSS, and thermal co-evapora�on 
(CoE). All three devices showed an ac�va�on energy at 0.54–0.57 eV below the CBM [10], 
which was atributed to a SeSb2 defect. Stoliaroff reported a DFT study, which predicted 
SeSb2 defect to have energy level at 0.60 eV below CBM [133]. The same study was used 
to assign defect energy level of 0.53 above VBM to a SeSb1 defect, which was detected 
only in the co-evaporated Sb2Se3 [10].  

Liu et al. studied Sb2Se3 devices with temperature-dependent conduc�vity 
measurement. Thermally evaporated Sb2Se3 film, which had had been subjected to in situ 
seleniza�on, revealed an ac�va�on energy of 0.107 eV. Theore�cal calcula�ons 
presented in the study atribute this energy to a shallow acceptor defect SeSb [120].  
Chen et al. employed TAS and temperature-dependent conduc�vity measurements and 
detected ac�va�on energy levels of 0.10 eV and 0.11 eV, respec�vely [44]. Both energy 
levels were assumed to originate from the same point defect, which shows a defect 
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density above 1015 cm–1. According to the first-principles calcula�ons study conducted by 
Huang et al, such defect level could well correspond to the SeSb acceptor defect, which 
was predicted to have low forma�on energy and hence contribute to the intrinsic p-type 
conduc�vity of Sb2Se3 [112]. Hu et al. has conducted several TAS studies on Sb2Se3  
solar cells, repor�ng three ac�va�on energy levels of 0.30–0.40 eV, 0.20–0.60 eV, and  
0.50–0.60 eV above VBM [134]–[136]. Only the highest ac�va�on energy level was 
atributed to an interface defect. Tang et al. performed TAS analysis on sputered  
Sb2Se3 films, which had been selenized at 420 °C and 380 °C, revealed two ac�va�on 
energy levels of 0.46 eV and 0.50 eV above VBM, respec�vely [137]. According to the 
first-principles calcula�ons study reported by Liu et al. [120], the respec�ve ac�va�on 
energies were assigned to donor defect VSe and SbSe [137]. 

Grossberg et al. analyzed Sb2Se3 polycrystals with PL and detected three PL bands 
posi�oned at 0.94 eV (PL3), 1.10 eV (PL2), and 1.24 eV (PL1). Thermal ac�va�on energies 
of 0.09 eV, 0.07 eV, and 0.03 eV were derived for the respec�ve PL bands. While PL1  
and PL3 bands were atributed to donor-acceptor pair (DAP) recombina�on, PL2 band 
was assumed to be related to grain boundaries [138]. Furthermore, PL1 band could have 
arisen from a distant DAP, with shallow acceptor SeSb being involved [44], [112], [138]. PL3 
band alluded to a deep donor-deep acceptor (DD-DA) pair recombination. A comprehensive 
list including all the reported Sb2Se3 defects is provided in Table 2. 

Experimental reports of defects in Sb2S3 thin films and crystals 
Unlike Sb2Se3 films and devices, which have been extensively studied for defect analysis, 
there is a no�ceable scarcity of studies regarding defect characteriza�on in Sb2S3.  
This disparity can be atributed to the lower conduc�vity of Sb2S3, leading to even higher 
deep defect densi�es compared to Sb2Se3. Nonetheless, there have been atempts with 
DLTS and TAS to elucidate the defect composi�on of Sb2S3. Lian et al. conducted op�cal 
DLTS (O-DLTS) analysis on thermally evaporated Sb-rich and Se-rich Sb2S3 films [93].  
Both Sb-rich and Se-rich Sb2S3 films were considered n-type without further elabora�on. 
Three electron traps were detected in Sb-rich Sb2S3 at energy levels of 0.31 eV, 0.60 eV, 
and 0.69 eV below the CBM, and were assigned to Sbi, VS, and SbS defects. Se-rich Sb2S3 
films showed two hole traps with energies of 0.64 eV and 0.71 eV above the VBM, which 
were atributed to VSb and SSb defects [93]. Zhang et al. performed DLTS on Sb2S3 films 
grown onto TiO2 ETL via seed screening. In total, four nega�ve DLTS peaks were ascribed 
to hole traps with energies of 0.32 eV, 0.47 eV, 0.58 eV, and 0.78 eV above VBM;  
the lowest activation energy was assigned to the VSb defect, while the remaining three were 
attributed to SbS antisite defects at different atomic sites [106]. Wang et al. reported DLTS 
analysis on VTD-fabricated Sb2S3 films, which were subjected to Sb2Se3 post-treatment.  
An electron trap energy of 0.74 eV below CBM was detected in an untreated Sb2S3;  
the defect energy level was ascribed to the VS defect [139]. More recently, DLTS analysis 
was performed on n-type Sb2S3 solar cells deposited with hydrothermal method.  
Wu et al. revealed two hole traps with energies of 0.58 eV and 0.70 eV above VBM, which 
were assigned to VSb and SSb defects, respec�vely [140]. Qin et al. performed TAS analysis 
on VTD-fabricated Sb2S3 devices, deposited at different working pressures. Different 
samples with low efficiencies of 0.67–0.86% showed a poten�al defect signature 
between the energy range of 0.10–0.15 eV above VBM [141]. 
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Table 2. Overview of experimentally determined defects in Sb2Se3 thin films and crystals. 

There are only a few PL studies reported on Sb2S3 films. Medina-Montes et al. reported 
room-temperature PL measurement on Sb2S3, which revealed four PL bands posi�oned 
at 2.38 eV, 2.57 eV, 2.85 eV, and 3.43 eV, but did not elaborate on the poten�al origin of 
the PL bands [143]. Uslu et al. studied Sb2(Se1-xSx) solid solu�ons with PL and reported a 
single PL band of 1.73 eV for an amorphous Sb2S3 crystal, without providing any further 
analysis [144]. The lack of PL studies suggests the presence of significant non-radia�ve 
recombina�on not only in Sb2Se3 and Sb2S3 thin films but also in their crystals.  
A comprehensive list including all the reported Sb2S3 defects is provided in Table 3. 

  

Analysis 
method 

Defect 
type 

Ac�va�on 
energy 

(eV) 
Assignment 

Defect 
density 
(cm-3) 

PCE 
(%) Ref. 

DLTS Hole trap 0.48–0.49 VSb 1.2 × 1015 7.60 [11] 
 Hole trap 0.71–0.74 SeSb 1.1 × 1014   

 Electron 
trap 0.60–0.61 SbSe 2.6 × 1014   

DLTS Hole trap 0.48 VSb 6.1 × 1014 5.23 [132] 
 Hole trap 0.71 SeSb 1.0 × 1015   

 Electron 
trap 0.63 SbSe 3.6 × 1015   

DLTS Electron 
trap 0.38 - (1.0–1.1) × 

1014 5.60 [131] 

 Electron 
trap 0.46 - (4.2–8.7) × 

1014   

 Electron 
trap 0.69 - (1.2–2.6) × 

1015   

DLTS Electron 
trap 0.21 - 2.7 × 1014 10.12 [62] 

 Hole trap 0.53 SeSb2 3.5 × 1014 3.96  

 Electron 
trap 0.54–0.57 SeSb1 8.0 × 1014 10.12  

 Elecron 
trap 0.59 - 4.3 × 1014 9.31  

Conduc�vity Acceptor 0.11 SeSb - 5.46 [120] 
Conduc�vity Acceptor 0.11 SeSb - - [44] 

TAS Acceptor 0.10 SeSb 1.3 × 1015   
TAS Acceptor 0.46 VSe 9.3 × 1015 6.06 [137] 

 Acceptor 0.50 SbSe 2.1 × 1016 2.26  
TAS Acceptor 0.18 VSb 8.6 × 1015 6.15 [142] 

 Acceptor 0.53 Sbi 4.2 × 1016   
 Acceptor 0.57 SeSb 2.5 × 1016   

PL DAP 0.03 VSb - - [138] 
 - 0.07 - - -  
 DD-DA 0.09 - - -  



38 

Table 3. Overview of experimentally determined defects in Sb2Se3 thin films and crystals. 

Analysis 
method 

Defect 
type 

Activation 
energy (eV) Assignment Defect density 

(cm–3) 
PCE 
(%) Ref. 

DLTS Electron 
trap 

Electron 
trap 

Electron 
trap 

Hole trap 
Hole trap 

0.31 Sbi (3.75–5.63) × 1014 6.20 [93] 
 0.60 Vs (1.57–3.31) × 1015   
 0.69 SbS (1.38–2.01) × 1015   
 0.64 VSb (0.45–1.58) × 1015 5.00  

 0.71 SSb (6.71–8.57) × 1014   

DLTS Hole trap 0.32 VSb 1.15 × 1014 4.80 [106] 
 Hole trap 0.47 SbS1 1.55 × 1014   
 Hole trap 0.58 SbS2 4.37 × 1014   
 Hole trap 0.78 SbS3 5.59 × 1014   

DLTS Elecron 
trap 0.74 VS 5.52E+14 2.70 [139] 

DLTS Hole trap 0.58 VSb  6.27 [140] 
 Hole trap 0.70 SSb  6.82  

TAS Acceptor 0.10–0.15 - (0.78–2.73) × 1014 0.86 [141] 

Future outlook for mitigating defects and enhancing conductivity in Sb2Se3 and Sb2S3 thin 
films 
Theore�cal and experimental findings have revealed a substan�al presence of defects in 
both Sb2Se3 and Sb2S3 thin films. Consequently, the low conduc�vi�es observed in Sb2Se3 
and Sb2S3 thin films, as well as the low VOC values in their corresponding PV devices, can 
be atributed to defect compensa�on and non-radia�ve recombina�on through deep 
defect states. While deep defects are known to impede significant p- or n-type doping, 
implemen�ng appropriate doping and defect passiva�on strategies can s�ll enhance the 
free carrier density and mi�gate the forma�on of deep defects by forming defect 
complexes between intrinsic defects and dopants, thereby lowering their energy levels. 

Several extrinsic dopants have been proposed, with �n (Sn) and lead (Pb) iden�fied as 
effec�ve p-type dopants [145], [146], and copper (Cu), tellurium (Te), and chlorine (Cl) as 
effec�ve n-type dopants for Sb2Se3 thin films [47], [147], [148]. Similarly, carbon (C), 
cesium (Cs), �tanium (Ti), zinc (Zn), and copper (Cu) have enhanced the conduc�vi�es of 
n-type Sb2S3 thin films by passiva�ng deep VSb defects [6]. Addi�onally, post-deposi�on 
annealing in selenium (Se) and oxygen (O2) atmospheres has exhibited an increase in  
p-type conduc�vity in Sb2Se3 thin films, atributed to the passiva�on of deep VSe and SbSe 
defects [109]. Therefore, should an op�mal doping concentra�on or suitable condi�ons 
for post-deposi�on treatment be iden�fied, it has the poten�al to significantly advance 
the performance of Sb2Se3 and Sb2S3 devices. 

The comparison of defect studies revealed significant discrepancies between the reported 
ac�va�on energies and the assignment of specific types of defects. These inconsistencies 
underscore the complexity of the defect chemistry in Sb2Se3 and Sb2S3 and the challenges 
associated with accurately identifying and characterizing the defect states. Further research 
efforts are necessary to gain a comprehensive understanding of the defect structure of 
Sb2Se3 and Sb2S3, which will be instrumental in the development of effec�ve defect 
passiva�on strategies. 
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Summary of the literature review and the aims of the study 
The literature review can be summarized as follows: 

1. Sb-chalcogenides Sb2X3 [X = S, Se, SxSe1–x] are IV-V group compounds, which have 
emerged as highly promising absorber materials for next-generation PV applications. 
This is primarily attributed to their excellent optoelectronic properties, which include 
appropriate bandgap energies in the range of 1.1–1.8 eV and high photoabsorp�on 
coefficient exceeding 104 cm–1. 

2. Both Sb2Se3 and Sb2S3 have a single orthorhombic crystal phase and a simple binary 
composi�on, comprising abundant chemical elements, which ensures sustainable 
supply of the materials and contributes to their economic viability. Addi�onally, 
these compounds exhibit low toxicity, enhancing their desirability in terms of 
environmental impact and human health considera�ons. Addi�onally, low mel�ng 
points and high saturated vapor pressures of Sb2Se3 and Sb2S3 compounds facilitate 
the processing of Sb2Se3 and Sb2S3 thin films using rapid and low-cost physical vapor 
deposi�on (PVD) methods, such as VTD, CSS, and RTE.  

3. Orthorhombic crystal structure induces Q–1D crystal growth and highly anisotropic 
proper�es in the Sb2X3 films. The Q–1D ribbons are composed of [Sb4X6]n atomic 
chains, which stack along the [001] crystal direc�on. While strong covalent Sb-X 
bonds hold ribbons together, there are only weak vdW forces between the ribbons. 
Consequently, carrier transport depends strongly on the grain orienta�on, with the 
most efficient transport occurring along the [001] direc�on. Weak interac�ons 
between the ribbons also result in benign grain boundaries, which lead to extensive 
recombina�on in the conven�onal 3D photovoltaic absorber materials.  

4. The performance of Sb2Se3 and Sb2S3 PV devices is significantly influenced by the 
orienta�on of Sb2Se3 and Sb2S3 films. To address this challenge, several strategies 
have been employed to control the grain orienta�on and microstructure of Sb2Se3 
and Sb2S3. These strategies encompass op�mizing the processing condi�ons, seed 
screening, selecting suitable ETL layer, and implementing post-deposition treatments. 
Systema�c inves�ga�on into these strategies is required for the CSS deposi�on 
process to achieve compact Sb2Se3 and Sb2S3 films with op�mal grain orienta�on. 

5. High open-circuit voltage (VOC) deficit Sb2Se3 and Sb2S3 solar cells is a significant 
hurdle in attaining theoretical efficiency values. The VOC losses can be partly attributed 
to the presence of deep defects within the Sb2Se3 and Sb2S3, as predicted by 
theoretical investigations. Asymmetric coordination of Sb and X atoms in the [Sb4X6]n 
units complicates the defect structures of Sb2Se3 and Sb2S3, giving rise to mul�ple 
defect levels for the same type of defects. Notably, defects with energy levels 
located deep within the bandgap are expected to dominate and occur in high 
concentra�ons due to their low forma�on energies.  

6. Experimental characteriza�on of even the best-reported Sb2Se3 and Sb2S3 solar cells 
has provided evidence of high deep defect densi�es of 1014–1015 and low carrier 
densi�es of 1013–1014 cm–3. Various defect characteriza�on methods, including 
temperature-dependent conduc�vity, DLTS, TAS, and PL, have been employed to 
inves�gate the defects in Sb2Se3 and Sb2S3. Comparison of these studies reveals 
significant discrepancies between the reported ac�va�on energies and the 
assignment of specific types of defects. These inconsistencies highlight the 
complexity of the defect chemistry in Sb2Se3 and Sb2S3 and the challenges 
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associated with accurately iden�fying and characterizing the defect states. Further 
research efforts are necessary to gain a comprehensive understanding of the defect 
structure of Sb2Se3 and Sb2S3. 

Based on the literature review and the men�oned technological challenges,  
the hypotheses of this thesis are as follows: 

1. Op�miza�on of grain morphology and orienta�on will allow for the fabrica�on of 
high quality Sb2Se3 and Sb2S3 absorber thin films, which improve the carrier 
transport and collec�on, and lead to efficient solar cell device. 

2. Characterizing defects and recombina�on pathways in Sb2Se3 and Sb2S3 thin films 
and PV devices provides valuable insight into the defect chemistry of the respec�ve 
thin films and enables for the development and op�miza�on of doping and defect 
passiva�on strategies, which are important steps for improving the future device 
performance. 

Based on the literature review, this thesis has the following aims: 

1. To establish an effec�ve growth strategy for the CSS deposi�on of Sb2Se3 and 
Sb2S3 thin films, which involves op�mizing the processing condi�ons, seed 
screening, and iden�fying suitable electron transport layer. 

2. To systema�cally inves�gate the influence of CSS substrate temperature on the 
microstructure and grain orienta�on of Sb2Se3 and Sb2Se3 thin films and the 
performance of PV devices u�lizing the respec�ve Sb2Se3 and Sb2S3 absorbers. 

3. To conduct a detailed analysis of crystal orienta�ons in Sb2Se3 thin films through 
measurement of pole figures by XRD and the genera�on of orienta�on 
distribu�on maps using EBSD to refine the understanding of determining grain 
orienta�on in both the Sb2Se3 and Sb2S3 thin films. 

4. To improve the knowledge of defect chemistry of Sb2Se3 and Sb2S3 using TAS 
analysis. 

5. To inves�gate prevalent recombina�on mechanisms in Sb2Se3 and Sb2S3 PV 
devices. 
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2 Experimental 
This chapter provides a summary of the fabrica�on steps of Sb2Se3 and Sb2S3 thin film 
solar cells, as well as the experimental analysis methods u�lized in ar�cles I–III.  

2.1 Fabrication of Sb2Se3 and Sb2S3 PV devices 
Glass/FTO substrate 
Fluorine-doped �n oxide (FTO) coated glass substrates make the botom layer in the 
superstrate device architecture. Purchased from Sigma-Aldrich, a 200 nm-thick FTO has 
a sheet resistance of <20 Ω sq−1. Substrates are subject to a standardized prepara�on 
procedure. Glass/FTO substrates are first cut into dimensions of 25 x 25 x 2 mm. Substrates 
are then placed into a degreasing solu�on for 2–3 hours. Degreasing solu�on contains 
10 g of potassium dichromate (K2Cr2O7), 100 mL of concentrated sulfuric acid (H2SO4), 
and 10 mL of deionized water [149]. A�er that, the substrates are rinsed, boiled in 
dis�lled water, and dried with a dryer. 

TiO2 thin film deposition by ultrasonic spray pyrolysis (USP) 
In Ar�cle I and II, TiO2 films with 100–200 nm thickness were deposited onto FTO by USP 
at 350 °C using a precursor solu�on of 0.1 M �tanium (IV) isopropoxide (TTIP) and 0.4 M 
acetylacetone (AcacH) dissolved in ethanol [91]. Post-deposi�on treatment of TiO2 films 
involved two 30-minute annealing steps: first under vacuum at 120 °C and then in air at 
450 °C. 

CdS thin film deposition by close-spaced sublimation (CSS) 
In article I and III, CdS thin films with 80–100 nm thickness were deposited onto FTO by CSS 
at source and substrate temperatures of 650 °C and 350 °C, respectively. A commercially 
available CdS powder (Sigma-Aldrich) was used with 5N (99.999%) purity. CSS reactor was 
under high vacuum of 10–6 Torr. 

CdS thin film deposition by chemical bath deposition (CBD) 
In Ar�cle I, CdS ETL films with 80–100 nm thickness were deposited onto FTO by chemical 
bath deposi�on (CBD). A water solu�on containing 1 mM CdSO4, 10 mM thiourea (TU), 
0.2 M NH4OH, 30 mM (NH4)2SO4, and 0.1 μM of NH4Cl was used in the chemical bath 
[150], [151]. Film deposi�on was carried out at solu�on temperature of 85 °C and s�rring 
speed of 500 rpm. Post-deposi�on treatment involved thermal annealing at 120 °C under 
vacuum for 1 h. 

Sb2Se3 and Sb2S3 thin film deposition by CSS 
Sb2Se3 and Sb2S3 thin films were deposited using independent CSS systems (see Fig. 8 in 
the literature overview) employing source powders of Sb2Se3 and Sb2S3 purchased from 
Sigma-Aldrich with a purity of 99.999% (5N). The experimental details of Sb2Se3 and Sb2S3 
film deposi�on in ar�cles I and II are summarized in Table 4. A seed layer comprised of 
an amorphous Sb2Se3 film, with <100 nm thickness, which was deposited at CSS substrate 
temperature of 300 °C prior to the main layer deposi�on. 
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Back contact deposition by thermal evaporation 
Back contacts were deposited from Au (Alfa Aesar) by thermal evapora�on (TE) to 
complete Sb2S3 and Sb2Se3 solar cells. A mica mask was placed on the surface of the 
absorber to obtain contacts with 25 mm2 area. The TE system was under a high vacuum 
of 10-6 Torr. The PV device stacks obtained a�er adding the back contact are presented in 
Fig. 18. 

Figure. 18. Device stacks used in the studies: (a) FTO/CSS-CdS/Sb2Se3/Au, (b) FTO/TiO2/Sb2Se3/Au, 
(c) FTO/CBD-CdS/Sb2Se3/Au (from articles I and II), and (d) FTO/(CSS-)CdS/Sb2S3/Au (from article III). 

Table 4. Experimental details of Sb2Se3 and Sb2S3 thin film deposition by CSS. The table outlines the 
substrate, inclusion of seed layer, CSS source and substrate temperatures, and the final PV device stack. 
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2.2 Sb2Se3 and Sb2S3 thin film characterization 
Morphology of Sb2S3 and Sb2Se3 thin films (Ar�cle I–III) were analyzed by Zeiss EVO-MA15 
scanning electron microscope (SEM) equipped with a Zeiss HR FESEM Ultra 55 system. 
Crystal structure was characterized by measuring X-ray diffrac�on (XRD) paterns of 
glass/FTO/CdS/Sb2S3 (Article III), glass/FTO/CdS/Sb2Se3 (Article I), and glass/FTO/TiO2/Sb2Se3 
(Ar�cles I and II) stacks using a Rigaku Ul�ma IV diffractometer with Cu Kα radia�on 
(λ = 1.54 Å, 40 kV, 40 mA).  XRD paterns were analyzed with a Rigaku PDXL2 so�ware, 
with peaks indexed according to powder diffrac�on file (PDF) data issued by the Joint 
Commitee on Powder Diffrac�on Standards (JCPDS). 

Texture analysis was performed on glass/FTO/TiO2/Sb2Se3 stacks (Ar�cle II) by 
PANaly�cal MRD X-ray diffractometer equipped with Eulerian cradle employing two-axis 
scans along φ and χ in increments of 5° each. The intensity distribu�on was recorded 
along full circles (φ = 0° to 360°) and at sample �lts χ ranging between 0° and 85°. Texture 
analysis was carried out by René Schwiddessen at Helmholtz-Zentrum Berlin for Materials 
and Energy. Addi�onally, electron backscater diffrac�on (EBSD) orienta�on maps were 
acquired for a glass/FTO/TiO2/Sb2Se3 stack (Ar�cle II) using a Zeiss UltraPlus SEM 
equipped with an Oxford Instruments Symmetry EBSD detector. The measurements were 
conducted at a beam energy of 20 keV and a beam current of about 6nA, by use of the 
acquisi�on and evalua�on so�ware AZtec. Dr. Daniel Abou-Ras from Helmholtz-Zentrum 
Berlin for Materials and Energy carried out the EBSD mapping on the Sb2Se3 film.  

Low-temperature photoluminescence (PL) measurements from glass/FTO/CdS/Sb2S3 
stacks were conducted using a diode-pumped Nd:YAG solid state laser with wavelength 
of 266 nm, pulse width of 0.6 ns, and repe��on rate of 19 kHz. The maximum average 
power was approximately 3 mW, maximum peak power density was approximately 
276.5 kW cm−2. PL signal was detected using a 0.5 m focal length Andor SR-500i 
monochromator and thermoelectrically cooled InGaAs detector IGA-030-TE2-H of 
Electro-Op�cal Systems Inc that is equipped with a Hamamatsu R632 photomul�plier 
tube. The low-temperature PL measurements and analysis were carried out by Ramunas 
Nedzinskas and Rokas Kondrotas from the Lithuanian State Research Ins�tute Center for 
Physical Sciences and Technology. 

Ioniza�on energies of CdS and Sb2S3 thin films, presented in Ar�cle III, were 
determined with photoelectron emission spectroscopy (PES), by using an ENERGETIQ 
Laser Driven Light Source (LDLS EQ-99) white light source, a Spectral Products DK240 1/4 
m monochromator and a Keithley 617 electrometer. The PES measurements and analysis 
were conducted by Rai�s Gržibovskis and Aivars Vembris from the University of Latvia. 

2.3 Sb2Se3 and Sb2S3 PV device characterization 
I–V curves of Sb2Se3 and Sb2S3 devices were measured in ambient air at room temperature 
using an AUTOLAB PGSTAT 30 combined with an Oriel class A solar simulator 91159A 
(100 mW cm−2, AM1.5) (Ar�cle I and II) and a Wavelabs LS-2 LED solar simulator 
(100 mW cm−2, AM1.5). Temperature-dependent I–V (I–V–T) curves in ar�cles I and III 
were measured with a KEITHLEY 2400 SourceMeter under 100 mW cm-2 illumina�on, 
with Sb2S3 and Sb2Se3 devices mounted on a Janis closed-cycle He cryostat. External 
quantum efficiency (EQE) spectra were measured for Sb2S3 and Sb2Se3 devices (Ar�cles 
I–III) with a monochroma�zed light source (Newport 300 W Xenon lamp, Newport 
Cornerstone 260 monochromator), a Merlin digital lock-in detector and a factory-calibrated 
Si reference detector. 
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Capacitance-voltage (CV) profiling and TAS measurements were carried out at two 
different loca�ons. CV profiles and C–f–T curves were measured for the best Sb2Se3 
(Ar�cle I) and Sb2S3 devices (Ar�cle III) using a Wayne Kerr 6500B impedance meter. 
Capacitance was derived and calculated from recorded impedance Z and phase angle θ 
values. CV profiles were obtained at room temperature from DC voltage scans in the 
range of –0.3 V to +0.2 V. Admitance measurements were measured at 0 V bias and in 
the temperature range of 20–320 K (ΔT = 10 K). Abovemen�oned J–V–T, CV, and C–f–T 
measurements were carried out by Dr. Raavo Josepson at Tallinn University of 
Technology. Analysis on the measurements, which are presented in Ar�cle I, were 
performed by Dr. Erki Kärber from Tallinn University of Technology. CV profiling and 
admitance measurements presented in Publica�on II were performed with a HP 4284 
LCR meter. CV profiles were obtained at room temperature with frequencies ranging from 
0.5 kHz to 20 kHz; DC bias was scanned from –0.3 V to 0 V. Admitance measurements 
were performed in a R–X (resistance–reactance) mode at 0 V bias and 30 mV AC voltage; 
temperature was varied from 80 K to 320 K in the frequency range of 100 kHz to 1 MHz. 
The capacitance measurements, which are presented in Publica�on II, were conducted 
at Helmholtz-Zentrum Berlin for Materials and Energy. 
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3 Results and discussion 
This sec�on highlights the key findings obtained in Publica�ons I–III. Sec�on 3.1 focuses 
on the fabrica�on and characteriza�on of Sb2Se3 thin film solar cells, while Sec�on 3.2 
delves into the fabrica�on and characteriza�on of Sb2S3 thin film solar cells. 

3.1 Developing growth strategy to fabricate Sb2Se3 thin films solar cells 
by CSS 

3.1.1 The effect of CSS substrate temperature on Sb2Se3 film microstructure 
and grain orientation  
Given the previous knowledge within our research group on CdTe thin film processing, 
the CSS processing condi�ons were adapted to deposit Sb2Se3 films. Implemen�ng the 
right growth strategy necessitates the op�miza�on of processing parameters, such as 
source temperature, substrate temperature, and deposi�on �me. Ini�al trials showed 
that a source temperature of 450 °C is sufficient for inducing sublima�on and consequent 
vapor flux for thin film deposi�on with growth rate at around 1 µ min–1. This doctoral 
study focused on determining the op�mal substrate temperature for high-performance 
Sb2Se3 thin films. While source temperature was held constant at 490 °C, substrate 
temperatures were varied in the range of 300–450 °C. To op�mize the substrate 
temperature, Sb2Se3 films were deposited on CdS/FTO/glass substrates. CSS-deposited 
CdS was selected as the ETL since its processing has been previously established for CdTe 
thin film solar cells.  

Figure 19 displays top-down and cross-sec�onal SEM images, which reveal a strong 
impact of the substrate temperature on the grain structure of Sb2Se3 films. Fig. 19a shows 
that Sb2Se3 films deposited at 300 °C (Sb2Se3-300 °C) exhibit highly dispersed and porous 
ribbon-like structures. Deposition at 350 °C leads to denser absorber films (Sb2Se3-350 °C)  
with larger grain size and more homogeneous distribu�on, as seen in Fig. 19b. Increase 
of substrate temperature to 400 °C further enlarges the grain size, as seen in Fig. 19c, also 
making absorber films (Sb2Se3-400 °C) more compact at the interface between Sb2Se3 and 
CdS; the faceted grains with sharp edges increase the surface roughness and give rise to 
open column boundaries near the rear surface. As shown in Fig. 19d, substrate 
temperature of 450 °C results in films (Sb2Se3-450 °C) with largest grains, which are 
columnar, closely packed, and with smooth crystal facets. 

Figure 19. Top-down and cross-sectional SEM images of Sb2Se3 films deposited by CSS onto 
CdS/FTO/glass substrates at substrate temperatures of (a) 300 °C, (b) 350 °C, (c) 400 °C, and (d) 
450 °C.  
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Figure 20a shows XRD paterns of CSS-processed Sb2Se3 absorber layers deposited at 
substrate temperatures in the range of 300–450 °C onto CdS/FTO/glass substrates. Strong 
reflec�ons at 2θ values of 28.2°, 31.2°, 32.2° can be indexed to (211), (221), (301) crystal 
planes, which are characteris�c of an orthorhombic Sb2Se3 crystal structure with Pbnm 
space group symmetry (JCPDS Card No. 15–0861). Reflec�ons of (020) and (120) peaks 
show low intensity. No secondary phases can be found. 

Texture coefficient (TC) analysis is a common method for evalua�ng texture in the  
Q–1D Sb2Se3 films. By defini�on, a texture coefficient (TC) value larger than 1 indicates a 
preferred orienta�on of a hkl reflec�on when compared to the random distribu�on of 
grains in a powder [152]. The TC values are calculated by Equa�on (2): 

 

𝑇𝑇𝑇𝑇(ℎ𝑘𝑘𝑘𝑘) =
𝐼𝐼(ℎ𝑘𝑘𝑘𝑘)
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𝑁𝑁
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𝐼𝐼0(ℎ𝑖𝑖𝑘𝑘𝑖𝑖𝑙𝑙𝑖𝑖)
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�

−1

 
(2) 

where I(hkl) represents the experimentally obtained intensity for a given reflec�on with 
hkl indices, I0(hkl) corresponds to the reference intensity for the corresponding reflec�on 
acquired from the JCPDS Card No. 15–0861, and N denotes the number of reflec�ons 
considered in the calcula�ons [152]. 

In Fig. 20b, it can be observed that the TC values of (hk0) planes remain unchanged 
regardless of the substrate temperature. However, a significant increase in the TC values 
of (hk1) planes is evident at substrate temperatures of 400 °C and 450 °C. This observation 
suggests that the higher substrate temperature facilitated the growth of Sb2Se3 grains 
more prominently along the [001] crystal direc�on. 

Figure 20. (a) XRD patterns of Sb2Se3 absorber films deposited by CSS at substrate temperatures of 
300–450 °C onto CdS/FTO/glass substrates. (b) Texture coefficient (TC) values calculated for 
prominent (hk0) and (hk1) crystal planes in Sb2Se3 films.  

As observed, a higher substrate temperature resulted in an increased texture along 
the [001] direc�on, as deduced from the texture coefficient (TC) analysis of X-ray 
diffrac�on (XRD) paterns, and facilitated the growth of larger columnar grains, as 
evidenced by scanning electron microscopy (SEM) images. These complementary 
phenomena can be explained by considering the nucleation density and grain coalescence 
rate, which are strongly influenced by the temperature gradient between the source and 
substrate, as well as the supersaturation of the vapor phase in the CSS reactor. 
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Lower substrate temperatures result in higher source-substrate temperature gradients, 
leading to a greater degree of supersatura�on near the substrate surface, thereby 
promo�ng a higher nuclea�on density. Addi�onally, as adatom mobility and surface 
diffusion are propor�onal to the substrate temperature, substrate temperatures of  
300 °C and 350 °C yielded more porous films comprising dispersed grains of different 
sizes. Conversely, a higher substrate temperature of 400 °C reduced the degree of 
supersatura�on on the substrate surface, resul�ng in fewer nuclea�on sites.  
The increased adatom mobility and surface diffusion promoted the local epitaxial growth 
of small grain islands at these nuclea�on sites. Grain coarsening occurred at the grain 
boundaries (GBs), during which neighboring grains with large surface-to-volume ra�os 
coalesced into larger grains. At a substrate temperature of 450 °C, these growth 
phenomena were even more pronounced, leading to complete coalescence of rela�vely 
large islands due to the high rate of material transfer between islands. Atom migra�on 
from the GBs likely occurred not only during coalescence but also throughout the  
film-thickening process. 

The final grain orienta�on is determined by the grain coarsening and GB movement, 
which reduce the total free energy of the system. This essen�ally promotes the growth 
of GBs along the ver�cal (100) and (010) planes, known to possess the lowest surface 
energy, thereby facilita�ng grain growth along the [001] direc�on. Ul�mately, employing 
a substrate temperature of 450 °C resulted in closely packed Sb2Se3 films with large 
columnar grains and the stronger presence of (211) and (221) planes, signifying an 
improvement in texture along the [001] direc�on. 

3.1.2 The effect of Sb2Se3 film microstructure and grain orientation on the Sb2Se3 
device performance 
At the �me of this study, several groups had reported improved efficiencies atributed to 
enhanced texture in the [001] direc�on [11], [12], [17], [46], [59]. While the Sb2Se3 device 
with substrate configura�on u�lized nanostructured Sb2Se3 arrays, achieving 9.2% 
efficiency [12], superstrate devices had achieved higher performance by employing 
Sb2Se3 films with compact and large grain morphologies [11], [59]. In our investigation,  
we fabricated a series of glass/FTO/CdS/Sb2Se3/Au devices using Sb2Se3 films deposited at 
various substrate temperatures to examine the influence of the Sb2Se3 film microstructure 
and grain orienta�on on the device proper�es. 

Figure 21a illustrates the J-V curves of Sb2Se3 solar cells, with Sb2Se3 absorbers 
deposited at various substrate temperatures ranging from 300 °C to 450 °C. It is evident 
that the Sb2Se3-300 °C and Sb2Se3-350 °C devices exhibited negligible performance.  
The low photocurrent can be atributed to the low-quality of the Sb2Se3 absorber, 
characterized by a high density of voids that increase shun�ng pathways across the 
junc�on, as observed in Figure 21a and 21b. 

In contrast, the Sb2Se3-400 °C devices showed a clear improvement, resul�ng in 
substan�ally higher JSC values of 16.5 ± 0.4 mA cm–2 and the highest PCE of 1.6%. Finally, 
the Sb2Se3-450 °C solar cell achieved the highest PCE of 2.8%, demonstra�ng increases in 
JSC to 19.5 ± 0.5 mA cm-2, VOC to 380 ± 10 mV, and FF to 38 ± 3%. The EQE spectra of the 
four devices, presented in Figure 21b, validate the observa�ons derived from the J–V 
curves. The Sb2Se3-450 °C solar cell exhibited the highest spectral response in the 
wavelength range of 300–1050 nm. This can be atributed, once again, to the superior 
quality of the Sb2Se3-450 °C absorber, characterized by a compact grain morphology with 
large columnar grains that facilitate efficient charge collec�on. 
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However, even for the best-performing device, the EQE response is rela�vely modest, 
exhibi�ng steep declines at both shorter and longer wavelengths. Losses at shorter 
wavelengths are known to result from parasi�c absorp�on by the CdS ETL layer [51], [78]. 
The low EQE at longer wavelengths could be atributed to back surface recombina�on 
and the short diffusion lengths of electrons. Previous reports have indicated intragrain 
carrier diffusion lengths of electrons in the range of 0.3–0.6 μm [44], which are at least 
two �mes shorter than the absorber layer thicknesses (~1.5 μm) obtained for the 
deposited Sb2Se3 absorbers. 

Figure 21. (a) J-V curves of the glass/FTO/CdS/Sb2Se3/Au solar cells using Sb2Se3 films deposited at 
substrate temperatures ranging from 300 °C to 450 °C, (b) EQE spectra of the corresponding devices, 
(c) and (d) evolution of the PV parameters with the CSS substrate temperature. Each deposition 
temperature was evaluated using five cells, and the average values of the PV parameters are 
reported. 

The impact of CSS substrate temperature on the grain morphology of Sb2Se3 thin films 
and consequent CdS/Sb2Se3 device performance has also been inves�gated by several 
other groups. Guo et al. found that the op�mal substrate temperature should be below 
300 °C to prevent grain growth along [hk0] crystal direc�ons [153]. Therein it was shown 
that [211]-preferred orienta�on leads to the minimum series resistance, enhanced light 
absorbance, and 4.2% efficient CdS/Sb2Se3 solar cells. In another study, the same group 
reported use of sputered oxygenated CdS ETL as an effec�ve approach to improve the 
grain growth of Sb2Se3 absorber and performance of CdS:O/Sb2Se3 solar cells [154].  
The last approach included oxygen plasma treatment and deposition of a monoatomic 
Al2O3 layer at the CdS–Sb2Se3 interface [155]. The introduction of oxygen was considered 
beneficial for preven�ng the Cd diffusion and forma�on of detrimental Cd inters��als. In 
contrast with these studies Wen et al. demonstrated 7.6% efficient CdS/Sb2Se3 solar cells 
(the highest reported efficiency for such configuration) with the necessity of high 
deposi�on VTD temperature (≥400 °C) to obtain dense and dense Sb2Se3 absorber films 
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with increased texture for (221) planes [11]. Therein it was claimed that diffusion of Cd into 
absorber reduces the interface defects and recombination at the heterojunc�on interface, 
both beneficial for device performance. At the same �me, a common par�cularity for all 
these studies is that the CdS ETL layer, deposited by CBD or sputering always undergoes 
air, CdCl2, and/or oxygen treatments which might be crucial for the final device efficiency. 
In terms of CSS processing temperature, our results seem to support the findings by Wen 
et al. [11], rather than the results reported by Guo et al. [153], as the 450 °C was the only 
deposi�on temperature enabling deposi�on of compact Sb2Se3 absorber layers with large 
columnar grains and enhanced texture for (hk1) planes. 

Despite finding the op�mal substrate temperature, the resul�ng device PCE of 2.8% 
was s�ll modest compared with record superstrate CdS/Sb2Se3 devices. Aside from tuning 
the CSS processing condi�ons, recent studies had reported about the role of the substrate 
on the Sb2Se3 film [156], [157]. Ul�mately, the ETL layer significantly affects not only the 
Sb2Se3 film growth and grain orienta�on, but also atomic intermixing and heterojunc�on 
band alignment at the interface, which all impact the device performance. Therefore, our 
next strategy involved employing CBD-CdS and spray deposited TiO2 ETLs to inves�gate 
their effect on the Sb2Se3 film structure and grain orienta�on as well as chemical 
intermixing. 

3.1.3 The effect of CBD-CdS and TiO2 ETLs on the Sb2Se3 film morphology and 
grain orientation 
In the previous sec�on, we demonstrated that substrate temperature of 450 °C was 
op�mal, enabling fabrica�on of Sb2Se3 films with columnar sintered grains and enhanced 
preference for (hk1) crystal planes. Furthermore, such grain structure yielded the highest 
solar cell performance, demonstra�ng that compact Sb2Se3 film structure with large 
columnar grains is essen�al for efficient Sb2Se3 devices in superstrate configura�on.  
For the next step, however, it was unclear whether using the CSS processing temperature 
of 450 °C, op�mized for the CSS-deposited CdS ETL layer (CSS-CdS), would reproduce 
desired microstructures also for Sb2Se3 films deposited on CBD-CdS and TiO2 ETLs, 
wherein both are deposited with an approximate thickness of 100 nm. CBD-CdS was 
selected since CBD has been the common fabrica�on method for CdS films in the Sb2Se3 
devices. It also allowed to inves�gate the intermixing phenomenon at the Sb2Se3–CdS 
interface, previously reported by Phillips et al. [78], by comparing CBD-CdS ETL processed 
at lower temperatures (<100 °C) and CSS-CdS processed at higher temperatures 
(>300 °C). While CSS-CdS did not have undergo any post-deposi�on treatment, CBD-CdS 
and TiO2 films were subjected to following post-annealing treatments. TiO2 films went 
through a standard annealing procedure; they were annealed in air at 450 °C for 30 min 
to provide beter crystallinity [158]–[160]. CBD-CdS films were also subject to a common 
annealing procedure, which involved air annealing at 120 °C for 1 h, to purge layer surface 
from any secondary phases [151], [161]. Furthermore, we implemented a seed screening 
strategy. This involved a deposi�on of a <100 nm thick amorphous Sb2Se3 film, which was 
deposited by CSS at 300 °C prior to the deposi�on of the main Sb2Se3 absorber layer.  
The op�mal deposi�on temperature of 300 °C was selected for the seed film a�er 
scanning through the temperature range of 250–350 °C. 

Figure 22 presents top-down and cross-sec�onal SEM images of Sb2Se3 films deposited 
with and without a seed layer on CBD-CdS/FTO/glass and TiO2/FTO/glass substrates at a 
substrate temperature of 450 °C. In the absence of a seed layer, the Sb2Se3 film deposited 
on CBD-CdS, as depicted in Fig. 22a, exhibits a morphology comparable to Sb2Se3 films 
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deposited at 350 °C on CSS-CdS films. The microstructure is characterized by narrow 
inclined Sb2Se3 grains that are highly dispersed, with a high density of microvoids present 
between them. However, the inclusion of a seed layer, as seen in Fig. 22b, significantly 
improves the microstructure, resul�ng in a more compact morphology. Nevertheless,  
the Sb2Se3 grains in this case tend to grow more parallel to the substrate. Notably,  
the microstructure and morphology undergo dras�c changes when the TiO2 ETL layer is 
employed. The Sb2Se3 film deposited with a seed layer on TiO2, as shown in Fig. 22d, 
exhibits a more compact structure compared to the film without a seed layer, as presented 
in Fig. 22c. The seed layer appears to provide a founda�on for the growth of columnar 
grains and increased compactness, with the grains displaying a more upright orienta�on. 

Fig. 23a displays XRD paterns of Sb2Se3 absorber layers deposited at substrate 
temperature of 450 °C with and without seed layer onto glass/FTO/CBD-CdS and 
glass/FTO/TiO2 substrates. XRD paterns are characteris�c of orthorhombic Sb2Se3 (Pbnm 
space group symmetry; JCPDS 15–0861). No secondary phases were detected.  

Figure 23b shows TC values calculated for the dominant crystal planes in Sb2Se3, which 
reveal lower TC values for (hk0) planes than for (hk1) planes. Sb2Se3 films with seed layers 
(denoted with a suffix of ‘+ SL’) show higher TC values for (hk1) planes than Sb2Se3 films 
without seed layers. 

Figure 22. Top-down and cross-sectional SEM images of Sb2Se3 absorber films deposited at 450 °C 
onto CBD-CdS ETL (a) without and (b) with a seed film and onto TiO2 ETL (c) without and d) with a 
seed film. Seed film was deposited by CSS at 300 °C before the main Sb2Se3 layer deposition. 

This could imply more Sb2Se3 crystals are orien�ng along the c-axis direc�on, which 
facilitates effec�ve charge transport. Most notably, the Sb2Se3 + SL film deposited on the 
TiO2 shows a large TC value above 1.2, while the corresponding value for Sb2Se3 without 
seed layer remains low. TC value of (002) plane is also higher for Sb2Se3 + SL grown on the 
CBD-CdS as compared to the Sb2Se3 film without seed. Given that the (002) crystal plane 
refers to ver�cal Sb2Se3 crystals, TC values suggest the Sb2Se3 + SL on the TiO2 could 
exhibit a preferred grain orienta�on in the [001] direc�on.  

We have shown that the seed layer significantly influences the subsequent growth of 
the absorber material, leading to larger and more compact grain morphologies. 
Furthermore, our findings provide a comprehensive explana�on for the observed seed 
screening phenomenon. In our case, the Sb2Se3 seed film deposited by CSS onto TiO2 at 
300 °C had a nanorod grain structure, displaying similarity to the Sb2Se3 absorber film 
morphology deposited at 300 °C on the CSS-CdS, as was shown in Fig. 19a, but has a much  
lower thickness of 60–80 nm. At substrate temperature of 300 °C, there is a wide 
distribution of grain sizes and crystal orienta�ons resul�ng from the high nuclea�on 
density at the substrate surface. 
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Figure 23. (a) XRD patterns of Sb2Se3 absorber films deposited at 450 °C onto CBD-CdS and TiO2 
ETLs without and with the seed film, b) Texture coefficient values for dominant crystal planes in 
Sb2Se3 films, c) XRD peaks (211) and (221) peaks of Sb2Se3 shifted to larger 2θ values when 
deposited on the CBD-CdS ETL. 

During the subsequent CSS deposi�on of the absorber at 450 °C, the seeds aligned 
parallel to the substrate are easily re-evaporated, as they are bonded with the TiO2 and 
CdS ETLs via weak vdW interac�ons. Only those ver�cally standing nanorods, that are 
bonded through the strong covalent bonds with the substrate and are stable enough to 
resist re-evapora�on, con�nue to grow by the addi�on of material from the vapor and by 
the high adatom surface diffusion at 450 °C. Thus, large Sb2Se3 columnar sintered grains 
with low surface energies grow perpendicular with the TiO2 substrate, leading to the 
forma�on of compact Sb2Se3 films with large grains and enhanced presence of (002) 
planes, as evidenced by Fig. 23b. 

To inves�gate the possible intermixing effect between CdS and Sb2Se3, we analyzed 
the diffrac�on paterns at a higher resolu�on. In the 28–32° range, as illustrated in  
Fig. 23c, we observed a no�ceable shi� towards higher 2θ values for the (211) and (221) 
main peaks in Sb2Se3 films deposited on the CdS ETLs, in comparison to Sb2Se3 films 
deposited on TiO2 ETL. This phenomenon was par�cularly prominent in Sb2Se3 films 
deposited on the CBD-CdS ETL. A similar effect was previously seen for the (511) and 
(111) XRD peaks in the halide processed CdS/CdTe and CdS/SnS heterostructures 
deposited by CSS [149], [162]. Therein the phenomenon was explained by the intermixing 
at the CdS/CdTe interface with the forma�on of a Cd1–xSx alloy and/or incorpora�on of 
chlorine impurity in the la�ce of CdTe and SnS [162], [163]. Analogous to CdS/CdTe 
interface, we explain the displacement of the (211) and (221) XRD peak shown in Fig. 23c 
as being due to the interdiffusion of S from CdS into the Sb2Se3 absorber and Se from the 
absorber into the CBD-CdS buffer with the forma�on of CdS1−xSex∕Sb2Se3–ySy alloy at the 
interface. It is important to note that the interdiffusion took place due to subsequent 
absorber deposi�on at 450 °C. To prove these assump�ons, we analyzed the possible 
thermodynamic reac�ons in the CdS/Sb2Se3 and TiO2/Sb2Se3 systems using Equa�ons 3 
and 4. 

 3𝐶𝐶𝐶𝐶𝐶𝐶(𝑆𝑆) + 𝑆𝑆𝑆𝑆2𝑆𝑆𝑆𝑆3(𝑆𝑆) ↔  3𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑆𝑆) + 𝑆𝑆𝑆𝑆2𝑆𝑆3(𝑆𝑆),   𝛥𝛥𝛥𝛥(450 𝑜𝑜𝐶𝐶)
= −17.9 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

(3) 

3𝑇𝑇𝑇𝑇𝑇𝑇2(𝑆𝑆) + 𝑆𝑆𝑆𝑆2𝑆𝑆𝑆𝑆3(𝑆𝑆) ↔  3𝑇𝑇𝑇𝑇(𝑆𝑆) + 2𝑆𝑆𝑆𝑆(𝑔𝑔) + 3𝑆𝑆𝑆𝑆𝑆𝑆2(𝑔𝑔),   𝛥𝛥𝛥𝛥(450 𝑜𝑜𝐶𝐶)
= 607.4 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

(4) 

The Gibbs free energy (ΔG) in Eq. 3 gives a nega�ve value, which means the reac�on 
is thermodynamically favored toward the forma�on of solid CdSe and Sb2Se3. This implies 
full transforma�on to CdSe and Sb2Se3 depending on the kine�cs and quan��es of the 
star�ng compounds. According to the phase diagrams of Sb2Se3–CdS and Sb2Se3–CdSe 
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[164], there is high mutual solubility and probability for the forma�on of compounds like 
CdSb2Se4. In contrast, the ΔG of the reac�on between TiO2 and Sb2Se3, as shown in Eq. 4, 
is largely posi�ve indica�ng the thermodynamically unfavorable reac�on in this system. 

Considering the Eq. 3, we claim that the intermixing occurs at the CdS/Sb2Se3 interface, 
conver�ng this interface into a CdS1−xSex∕Sb2Se3–ySy solid alloy. At the op�mized CSS 
substrate temperature of 450 °C, the solubility of Se into CdS is higher than the solubility 
of S in Sb2Se3 [164], which favors the forma�on of CdSe to a higher extent at the interface. 
The ionic radius of sulfur (S2−: 170 pm) is smaller than the ionic radius of the selenium 
(Se2−: 190 pm) [165] causing contrac�on of the Sb2Se3 subla�ces and hence cause 
shi�ing of the (211) and (221) peaks toward higher 2θ values. Interes�ngly, for Sb2Se3 
films deposited on the CSS-CdS,  a small shi� of the (211) and (221) peaks was observed 
compared with the CBD-CdS based structure. Given that the CBD-CdS ETL films, which 
are solu�on processed at 85 °C, exhibit smaller grains with higher surface energy [151], 
they are more prone to interdiffusion by mass transport through the gas phase, and 
consequently lead to a high degree of alloy forma�on at the interface during the CSS 
deposi�on at 450 °C. 

There is s�ll no consensus regarding the impact of the chemical intermixing on the 
device performance. The intermixing has been shown to be beneficial for the device 
efficiency, relying on the classical analogy with the CdS/CdTe heterojunc�on [11]. On the 
other hand, it has been reported that the CdSe interface layer establishes a poten�al 
barrier that impedes charge transport [78]. To understand the impact of the intermixing 
effect on the device performance we further compared and analyzed the Sb2Se3 devices 
with CSS-CdS, CBD-CdS, and TiO2 ETLs. 

3.1.4 Analysis of grain orientation in Sb2Se3 thin films 
Building upon the promising results obtained from the TC analysis, we aimed to further 
inves�gate the significant increase in texture observed for (002) planes in Sb2Se3 + SL on 
TiO2. While TC analysis has been regarded as a reliable tool for evalua�ng preferred 
orienta�on in Sb2Se3 films [156], we learned that its applicability may be limited for 
measuring texture in polycrystalline films with highly anisotropic crystals, as the grain 
morphology could poten�ally contribute to an overes�ma�on of the actual texture [21]. 

Therefore, to gain a clearer understanding of the grain orienta�on in our Sb2Se3 films, 
we conducted addi�onal analyses using pole figure measurements by X-ray diffrac�on 
(XRD) and orienta�on distribu�on maps via electron backscater diffrac�on (EBSD). These 
complementary techniques were employed alongside TC analysis to provide a more 
comprehensive insight into the grain orientation of Sb2Se3 thin films. Our study represented 
the first demonstration of pole figures for Sb2Se3 films grown on the TiO2 ETL. 

Figure 24 displays pole figures of the Sb2Se3 absorbers deposited with seed and 
without seed on the TiO2 in 020 and 002 projec�ons measured by XRD. Each pole figure 
is provided with an intensity scale, where the intensity correlates directly to the mul�ple 
of random distribu�on (MORD). Larger is the mul�ple of random distribu�on, stronger is 
the texture (strong texture translates into preferred orienta�on) [166]. It was noted that 
Sb2Se3 without seed layer showed stronger intensity for the 020 peak, while Sb2Se3 + SL 
recorded significantly stronger intensity for the 002 peak. The MORD of 002 peak at χ = 0° 
for Sb2Se3 without seed is around 0.5, while it increased by a factor of 5 for the 
Sb2Se3 + SL. These results are consistent with the findings from the TC analysis. While the 
pole figures confirmed the presence of enhanced texture in our Sb2Se3 films, the increase 
in intensity for the (002) plane was not significant enough to classify it as a strongly 
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preferred orienta�on. In a related study, Pa�ni et al. reported pole figures for Sb2Se3 
films deposited on various substrates, including glass, Mo, CdS, FTO, and ZnO [156]. 
Among these substrates, the strongest texture along the [001] direc�on was observed in 
the Sb2Se3 films grown on FTO, as evidenced by the high pole intensity of the (061) peak 
[153]. Considering this, the presence of a strong pole intensity for the (002) peak in our 
Sb2Se3 films suggests that TiO2 is a suitable electron transport layer (ETL) choice, 
facilita�ng grain growth along the [001] crystal direc�on. 

 
Figure 24. Pole figures in 020 and 002 projections derived from the XRD measurements of Sb2Se3 
films grown without and with seed layer onto TiO2/FTO/glass substrates. 

Texture measurements were also made on individual grains of Sb2Se3 + SL film via 
EBSD. The cross-sec�onal EBSD map shown in Fig. 25 illustrates that the Sb2Se3 layer does 
not exhibit any preferen�al growth direc�on. The average Sb2Se3 grain size was found to 
be around 300–400 nm. This means that not all grains start their growth from the seed 
layer up to the top and there is s�ll room for improvement. This also relates to achieving 
favorable grain orienta�on. Although neither pole figures by XRD nor orienta�on 
distribu�on mapping by EBSD found proof for preferred orienta�on, clear increase of 
beneficial 002 peak in Sb2Se3 + SL was s�ll detected, which could stem from the increased 
columnar growth. Hence, it can be argued that further enabling columnar growth would 
not only increase grain size but would also enhance texture along the [001] direc�on. As 
to the grain orienta�on, it is now clear the TC analysis does not provide enough evidence 
to claim for preferred orienta�on in the orthorhombic Sb2Se3. Instead, careful texture 
analyses are required to draw strong conclusions on the preferred orienta�on. 
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Figure 25. EBSD map with orientation distribution of the Sb2Se3 + SL film (given by false colors, see 
legend) superimposed on the pattern-quality distribution of the FTO layer. The orientation distribution 
indicates no pronounced texture of the Sb2Se3 + SL layer. 

3.1.5 The effect of ETL and seed screening on the Sb2Se3 device performance 
Since the op�miza�on of the CSS substrate temperature highlighted the importance of 
achieving a compact and large grain morphology, TiO2/Sb2Se3 and CBD-CdS/Sb2Se3 and 
thin film solar cells were fabricated using the seed screening approach. Figure 26a 
displays J–V curves of Sb2Se3 solar cells based on three different ETL/absorber 
heterojunctions: CSS-CdS/Sb2Se3, TiO2/Sb2Se3, and CBD-CdS/Sb2Se3. The peak and average 
PV parameters of these devices are listed in Table 5. Among the different heterojunc�ons, 
the CBD-CdS/Sb2Se3 solar cell exhibited the lowest performance, with a peak PCE of 2.1%, 
VOC of 350 mV, JSC of 15.6 mA cm−2 and FF of 38%. Compared with the CBD-CdS device, 
the CSS-CdS/Sb2Se3 solar cell, discussed in Sec�on 3.1.2, showed beter performance 
with a higher VOC, JSC, and ul�mately a PCE of 2.8%. Notably, the TiO2/Sb2Se3 device 
outperformed the others, demonstra�ng the highest JSC of 24.6 mA cm−2, VOC of 430 V, FF 
of 50%, and a PCE of 5.3%. 

It is evident that the differences in the microstructure as well as grain orienta�on of 
the Sb2Se3 absorber films deposited on the three different ETLs with the seed layer 
reflected on the final device performance. Although PCE of 5.3% is a promising result for 
the TiO2/Sb2Se3 device, the achieved efficiency is s�ll lower than the efficiencies reported 
for the same device configura�on [47], [59], [65]. The obtained VOC of 430 mV and FF of 
49% are comparable with the highest reported values of the record devices; the main 
limita�on comes from the low JSC values. EQE curves of the devices, as depicted in  
Fig. 26b, validate the results obtained from the J–V curves. The TiO2 device showed the 
highest spectral response in the wavelength region from 350 to 1100 nm, which 
highlights a significantly beter carrier collec�on efficiency in the short wavelength 
region. The CBD-CdS device, which showed lowest JSC and PCE values, also demonstrated 
lowest spectral response in the visible light region of 400–700 nm. Compared with the 
CBD-CdS solar cell, the CSS-CdS solar cell showed a higher spectral response in the short 
wavelength region, but its spectral response showed an abrupt decrease from 700 to 
1050 nm. Low spectral response at short and long wavelengths is related to the parasi�c 
absorp�on of the CdS layer but also indicates to the high recombina�on currents near 
the ETL/absorber interface and short diffusion lengths of the minority carriers in the bulk 
of the absorber [128]. Phillips et al. encountered an iden�cal drop of spectral response 
from 700 to 1050 nm in the device with a CSS-deposited CdS, atribu�ng this loss to the 
forma�on of an interface CdSe layer, which has a posi�ve CBO offset with the Sb2Se3 and 
therefore impedes charge transport [78]. 

 
 

https://www.sciencedirect.com/science/article/pii/S092702482100088X#fig6
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Figure 26. a) J–V curves of CSS-CdS/Sb2Se3, TiO2/Sb2Se3, and CBD-CdS/Sb2Se3 solar cells and b) EQE 
curves of these devices. 

Table 5. Peak and average PV parameters of CSS-CdS/Sb2Se3, TiO2/Sb2Se3, and CBD-CdS/Sb2Se3 
solar cells. Average values include standard deviation. 

Herein it is worth no�ng that the current champion Sb2Se3 solar cells in both 
superstrate and substrate device configura�on have employed the CBD-CdS ETL layer 
[10], [11]. Both studies report the post-deposi�on treatment with CdCl2 on the CBD-CdS, 
followed by air annealing at 400 °C, which has been previously established for CdTe PV 
technology [151]. Moreover, it has been shown that CdS/Sb2Se3 heterojunc�on band 
alignment is superior to TiO2/Sb2Se3, being op�mal for electron transfer [47]. Although 
our group has previously successfully demonstrated the posi�ve effect of CdCl2 treatment 
on the CdTe solar cells, we have not been able to produce an efficient device using the 
CdCl2 treatment. The main challenge we encountered when performing the CdCl2 
processing step for CdS ETL was the uncontrollability of the residual oxychlorides  
(as secondary phases results of the treatment), which had a great impact on the absorber 
morphology and ETL/absorber interface quality. The fact that only those few groups 
reported relatively highly efficient CdS/Sb2Se3 devices and while other groups have not yet 
succeeded with the same cell configuration indicates that the control of the intermixing 
effect remains a key issue for the CdS/Sb2Se3 device in superstrate configuration. 

3.1.6 Analysis of recombination mechanisms in the Sb2Se3 devices 
Figures 27a–c display the I–V–T curves, which were measured to iden�fy the 
performance limi�ng factors in the Sb2Se3 devices. We first analyzed the VOC–T 
dependence for all three devices (insets of Fig. 27a–c) that can be described by Equation 5: 

Device Peak (P) Average 
(A) 

VOC 
[mV] 

JSC 
[mAcm−2] FF [%] Eff [%] 

CSS-
CdS/Sb2Se3 

P 380 19.5 38 2.8 
A 360 ± 10 17.6 ± 0.8 36 ± 3 2.5 ± 0.9 

TiO2/Sb2Se3 
P 430 24.6 50 5.3 
A 410 ± 10 23.9 ± 0.5 49 ± 2 4.9 ± 1.2 

CBD-
CdS/Sb2Se3 

P 350 15.6 38 2.1 
A 320 ± 15 14.2 ± 1.1 37 ± 3 1.8 ± 1.5 

b a  

https://www.sciencedirect.com/science/article/pii/S092702482100088X#fig7
https://www.sciencedirect.com/topics/chemistry/point-group-t
https://www.sciencedirect.com/science/article/pii/S092702482100088X#fig7
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(5) 

where EA is the ac�va�on energy of dominant recombina�on path in heterojunc�on, q is 
elementary charge, A is the ideality factor, kB is the Boltzmann constant, T is temperature, 
J00 is the reverse satura�on diode current prefactor and JL is photocurrent density. 

Figure 27. Temperature-dependent J–V curves of three solar cells: (a) CSS-CdS/Sb2Se3, (b) CBD-
CdS/Sb2Se3, and (c) TiO2/Sb2Se3. Insets display the VOC temperature dependence together with the 
extrapolation to 0 K showing the activation energy (EA) for the corresponding devices, (d) 
Temperature dependence of FF and series resistance (RS) extracted from dark I–V–T measurements 
e) Temperature dependence of JSC and shunt conductance (Gsh) extracted from the illuminated and 
dark I–V–T measurements. 

For all three samples, the VOC–T plot shows the usual ini�al increase at low 
temperature, which is expected as recombina�on is reduced at lower temperatures, 
decreasing the reverse dark satura�on current. Below 240 K the VOC starts to level off for 
the device with the CSS-CdS ETL, whereas a plateau was reached for the cells with the 
CBD-CdS and TiO2 ETLs. A possible reason for such behavior in the CSS-CdS device is the 
carrier “freeze-out” effect that usually occurs in materials with deep defect levels and 
increasing blocking transport behavior at the interfaces (e.g., ETL/absorber or 
absorber/back contact); due to the low carrier density absorber, the device can no longer 
sustain high VOC [167]–[169]. The carrier freeze-out effect is present in all three devices, 
nevertheless, the abrupt behavior of the VOC–T below 240 K for the CSS-CdS based cell 
indicates that the effect is more dras�c in this device. Extrapola�on of the linear part of 
the VOC–T plots to  T = 0 K gave the ac�va�on energies of 0.86, 1.05 eV, and 1.04 eV for 
the solar cells with CSS-CdS, CBD-CdS, and TiO2, respec�vely, as depicted in Fig. 27a–c 
insets. All these values are smaller than 1.17 eV, the Eg of Sb2Se3, indica�ng to the 
interface recombina�on being the predominant recombina�on mechanism limi�ng the 
VOC in these devices. 

The changes to FF and JSC have the greatest impact on the reducing device efficiency 
with decreasing temperature, as depicted in Fig. 27d and e. Generally, in an ideal solar 

https://www.sciencedirect.com/topics/chemistry/point-group-t
https://www.sciencedirect.com/topics/chemistry/point-group-t
https://www.sciencedirect.com/topics/chemistry/point-group-t
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cell, JSC only changes a litle with respect to temperature [128]. To iden�fy the limi�ng 
factors for these two parameters, the temperature-dependence of the series resistance 
(RS) and shunt conductance (Gsh) was analyzed, as seen in Fig. 27d and e. The analysis 
shows that the marked drop in the FF and JSC is due to the significant increase of the RS 
at low temperatures that distort the J–V curve and lower FF and JSC values at low 
temperatures. The dark shunt conductance is very low (Gsh(D)~10−4 mS cm–2) indica�ng no 
physical shunt or leakage problem across the cells, nevertheless, the light shunt 
conductance (Gsh(L)) is increased by four orders of magnitude under illumina�on, 
indica�ng that the FF is affected by the nonequilibrium phenomena. Such an effect may 
imply a voltage-dependent collec�on-efficiency problem under light [59] caused by a high 
recombina�on rate and resul�ng short minority carrier collec�on length. In this case, 
increasing the forward bias will reduce the deple�on width and consequently the carrier 
collec�on, as the collec�on due to diffusion is minimal [170]. The later effect results in a 
posi�ve slope near 0 V or higher shunt conductance under illumina�on Gsh(L).  

3.1.7 Analysis of free carrier and defect densities in Sb2Se3 PV devices 
The high resis�vity of Sb2Se3 thin films presents challenges in determining the 
conduc�vity type and carrier density. Only a limited number of studies have reported 
measurements to determine the majority carrier. Some research groups have reported 
p-type conduc�vity with a low carrier density on the order of 1013 cm−3 [51], [117], [154], 
[155]. However, Hobson et al. [47] discovered n-type conductivity in Sb2Se3 films deposited 
using the CSS method, attributing it to chlorine impurities from the commercially 
purchased source material powder of Sb2Se3. 

To confirm chlorine as an n-type dopant, Hobson et al. deliberately doped Sb2Se3 
crystals with MgCl2, which confirmed chlorine’s role in introducing n-type conduc�vity 
[47]. It remains uncertain whether the chlorine impuri�es outdiffuse or persist in the 
material, and how this affects the conduc�vity type and carrier density in Sb2Se3 films. 

 These intriguing findings prompted us to analyze the conduc�vity type and carrier 
density of our CSS-deposited Sb2Se3 absorber films. The hot probe technique was 
employed to determine the conduc�vity type of the Sb2Se3 absorber films deposited on 
glass substrates. As a reference, a SnS thin film deposited using CSS on the same glass 
substrates was u�lized, known to exhibit strong p-type conduc�vity [149]. Our analysis 
consistently revealed p-type conduc�vity in the Sb2Se3 absorber layers. Van der Pauw 
measurements demonstrated a high dark resis�vity of 5 × 106 Ω·cm, indica�ng significant 
self-compensa�on of na�ve defects. Under illumina�on, the Sb2Se3 layers exhibited 
photoconduc�vity, with a dark-to-light resistance ra�o of 30 and a resis�vity of  
~105 Ω·cm. In comparison, untreated CdTe films displayed a semi-insula�ng character  
(>1010 Ω·cm) and no photosensi�vity [163]. This substan�al difference may explain the 
superior performance of devices employing untreated Sb2Se3 absorber films compared 
to untreated CdTe films [171]. However, the resis�vity of ~106 Ω·cm prevented us from 
conduc�ng Hall measurements to determine the majority carrier and free carrier density 
of Sb2Se3. Nevertheless, the carrier concentra�on of Sb2Se3 was es�mated using the CV 
profiles of CSS-CdS/Sb2Se3, TiO2/Sb2Se3, and CBD-CdS/Sb2Se3 PV devices. Considering the 
p-type conduc�vity indicated by the hot probe analysis, the CV profiles suggest hole 
carrier densi�es of approximately 1014 cm−3. 
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Figure 28. (a) Depth carrier density profile plotted against depletion width, determined from CV 
profiles. The circles denote the zero-voltage condition for three solar cell configurations:  
CSS-CdS/Sb2Se3, CBD-CdS/Sb2Se3, and USP-TiO2/Sb2Se3; (b) and (c) Potential defect levels and 
densities in the Sb2Se3 films of the corresponding devices. 

The measured carrier density in the absorber film was found to be three orders of 
magnitude lower than the recently reported value of 1017 cm−3 in the TiO2/Sb2Se3 n-n 
isotype cell configura�on [47], [59]. This discrepancy may explain the lower JSC value of 
24.6 mA cm−2 observed in the TiO2/Sb2Se3 n-p heterojunc�on devices developed in this 
study, compared to the 31.7 mA cm−2 achieved in the TiO2/Sb2Se3 n-n isotype device [47]. 
Addi�onally, the temperature-dependent evolu�on of the PV parameters for both the 
TiO2/Sb2Se3 device and the devices with CdS ETLs indicated dominant interface 
recombina�on. The presence of a roll-over effect (photocurrent satura�on at high 
forward bias) in the J-V curves of all three devices at low temperatures further indicated 
limita�ons to carrier transport, as shown in Figures 27a–c. This roll-over effect is typically 
observed in CdTe solar cells due to the Schotky barrier between CdTe and the metal back 
contact [128], [162]. However, the less pronounced roll-over effect in the TiO2/Sb2Se3, 
compared to the devices employing CdS ETLs, suggests that the back contact barrier may 
not be the sole reason, and the ETL/absorber interface likely contributes significantly to 
this effect. 

In the CdS-based devices, the roll-over effect occurs due to the interac�on of two 
factors: (i) the forma�on of a Cd1-xSex solid alloy at the interface, introducing an offset at 
the conduc�on band due to an intermediate layer, and (ii) the low hole concentra�on in 
the Sb2Se3 absorber and similar densi�es of the compensa�ng recombina�on centers in 
the ETL and absorber. In contrast, the absence of intermixing in the TiO2/Sb2Se3 device 
suggests that the deficiency in hole density in the absorber s�ll contributes significantly 
to the roll-over effect at low temperatures. When the electron barrier at the 
ETL/absorber interface and is sufficiently large, the diode current is completely blocked, 
allowing only photocurrent to pass the barrier, resul�ng in a roll-over anomaly in the light 
J-V curve [55]. In this context, the carrier density in the ETL also plays a cri�cal role. 

Among the three ETLs used in this work, CSS-CdS exhibits the highest resis�vity  
(>1010 Ω·cm), while CBD-CdS demonstrates substantially lower resistivity of ~4 × 102 Ω·cm, 
an electron concentra�on of ~1016 cm−3, and electron mobility of 5 cm2 V−1 s−1. The TiO2 
films possess a resis�vity of ~105 Ω·cm. The high resis�vity of CSS-CdS, which is higher 
than that of the Sb2Se3 absorber, suggests that the deple�on region extends into the ETL 
at the CdS/Sb2Se3 interface, resul�ng in ineffec�ve charge separa�on and increased 
blocking transport behavior at the ETL/absorber interface. This leads to a pronounced 
roll-over effect in the J-V response of the solar cell, as observed in Fig. 27a. The measured 
carrier density of ~1014 cm−3 in the absorber indicates the contribu�on of defect levels in 
the Sb2Se3 material. To assess the loca�on and distribu�on of defect-induced energy 
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levels in the bandgap of the Sb2Se3 absorber film, TAS measurements were employed,  
as shown in Fig. 28b and c. 

The obtained value is three orders of magnitude lower than the recently reported 
1017 cm−3 carrier density in the absorber of the TiO2/Sb2Se3 n-n isotype cell configura�on. 
This could explain lower JSC value of 24.6 mA cm−2 for the TiO2/Sb2Se3 n-p heterojunc�on 
cells developed in this study compared to 31.7 mA cm−2 TiO2/Sb2Se3 n-n isotype device 
[47]. At the same �me, the temperature-dependence evolu�on of the PV parameters for 
both TiO2/Sb2Se3 device as well as for the cells with CdS ETLs showed the dominant 
interface-recombina�on. The transport limita�on is also evident by the presence of  
roll-over effect (photocurrent satura�on at high forward bias) in the J–V curves of all 
three devices at low temperatures, as shown in Figures 27a–c. Such an anomaly usually 
is observed in CdTe solar cells due to the Schotky barrier between CdTe and the metal 
back contact [128], [162]. However, the fact that the roll-over effect in Fig. 27 is less 
pronounced for the TiO2/Sb2Se3 cell and is highlighted in CdS-based devices suggest that 
the back contact barrier might not be the only reason and the ETL/absorber interface has 
a large contribu�on to this effect. 

Given that high resis�vi�es can also point to the presence of deep defects in Sb2Se3, 
we conducted TAS measurement on the three devices. Figures 28b and c display  
trap densi�es (NT) for poten�al defect levels, which were determined from the  
Arrhenius plot of relaxa�on frequencies. All poten�al defect bands had densi�es 
between 1015–1016 cm−3 eV−1. We detected two ac�va�on energies when analyzing 
devices with CdS ETLs. The ac�va�on energy of 0.39 eV above VBM was found for the 
CSS-CdS/Sb2Se3 device and another at 0.62 eV above VBM for the CBD-CdS/Sb2Se3 device, 
as seen in Fig. 28b. As for the TiO2/Sb2Se3 device, as shown in Fig. 28c, there are three 
bands peaking at around 0.40 eV, 0.52 eV, and 0.65 eV above VBM. Thermal ac�va�on 
energy at 0.39 eV above VBM was also found from the 3.7%-efficient TiO2/Sb2Se3 device 
using a different TAS setup, as reported in Publica�on II. From first-principles calcula�ons, 
transi�on energy levels were found for VSb acceptor defects, which lay close to 0.39 eV 
[112]. DFT study calculated transi�on energy levels of 0.33 eV and 0.40 eV for SbSe1 and 
SbSe2 an�site defects, which are deep acceptor defects [133]. Also, hybrid DFT study 
located SbSe an�site defects close to the 0.39 eV energy [22]. Given that the ac�va�on 
energies of 0.39–0.40 have been found in both CSS-CdS/Sb2Se3 and TiO2/Sb2Se3 devices, 
and the theore�cal calcula�ons predicted deep acceptor energy levels close to that,  
the ac�va�on energy obtained in the present study can be assigned to a deep acceptor 
defect. To compare, Tang’s group used DLTS and found defect levels at 0.48–0.49 eV and 
0.60–0.65 eV above VBM, atribu�ng these to VSb acceptor and SbSe donor defects, 
respec�vely, with total densi�es at around 1015 cm−3 [11]. 

From a theore�cal perspec�ve, density func�onal calcula�on (DFT) studies offer a 
broader range of defects in Sb2Se3, sugges�ng the Fermi level pinning toward the midgap 
due to deep defects [22], [133]. VSb behaves as a deep acceptor, with transi�on levels 
situated close to, but more than 0.025 eV away from the valence band maximum (VBM), 
whereas SeSb and SbSe exhibit amphoteric behavior, occupying posi�ons in the middle of 
the bandgap and serving as deep recombina�on centers [22]. While various types of 
defects can coexist, typically one or two specific defect types predominate, determined 
by the composi�on of the vapor phase and the structure of the condensed phase. 

  

https://www.sciencedirect.com/science/article/pii/S092702482100088X#fig7
https://www.sciencedirect.com/topics/engineering/schottky-barrier
https://www.sciencedirect.com/science/article/pii/S092702482100088X#fig7
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Ghosh et al. [172] has reported the growth of Sb2Se3 films from vapor phase with 
slightly Se-rich composi�on in isothermal condi�ons, as shown in Equa�on 6: 

 𝑛𝑛𝑛𝑛𝑛𝑛2𝑆𝑆𝑆𝑆3 =
1
4
𝑆𝑆𝑆𝑆4(𝑔𝑔) + 𝑆𝑆𝑆𝑆𝑛𝑛𝑆𝑆𝑆𝑆𝑛𝑛(𝑔𝑔) + 𝑆𝑆𝑆𝑆2(𝑔𝑔) (𝑛𝑛 = 1)  (6) 

where n is the number of moles. Considering the Eq. 6 and assuming vacancies are the 
predominant defects in the CSS-deposited Sb2Se3 films, the forma�on of vacancy defects 
and the equilibrium constant in the la�ce of Sb2Se3 could be expressed using Equa�ons 
7–10:  

𝑆𝑆𝑆𝑆2𝑆𝑆𝑆𝑆3(𝑠𝑠) = �𝑆𝑆𝑆𝑆(2−𝑛𝑛)𝑆𝑆𝑆𝑆(3−𝑛𝑛)𝑛𝑛𝑉𝑉𝑆𝑆𝑆𝑆𝑛𝑛𝑉𝑉𝑆𝑆𝑆𝑆�(𝑠𝑠)
+ 𝑛𝑛

2� 𝑆𝑆𝑆𝑆2(𝑔𝑔) + 𝑛𝑛
4� 𝑆𝑆𝑆𝑆4(𝑔𝑔) (7) 

   
𝐾𝐾𝑝𝑝 = �𝑝𝑝𝑆𝑆𝑆𝑆4�

1/4 ∙ �𝑝𝑝𝑆𝑆𝑆𝑆2�
1/2

 (8) 
   

2𝑉𝑉𝑆𝑆𝑆𝑆 + 3𝑉𝑉𝑆𝑆𝑆𝑆 ⟺ 0 (9) 
   

𝐾𝐾𝑆𝑆𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = [𝑉𝑉𝑆𝑆𝑆𝑆]2 × [𝑉𝑉𝑆𝑆𝑆𝑆]3 (10) 

The charge carrier genera�on at temperature of the forma�on of solid Sb2Se3 film can be 
expressed as follows: 

 𝑉𝑉𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑆𝑆𝑆𝑆3− + 3ℎ → 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑜𝑜𝑜𝑜 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (11) 
   
 𝑉𝑉𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑆𝑆𝑆𝑆2+ + 2𝑒𝑒 → 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (12) 

Mass ac�on law and electroneutrality condi�ons: 

[𝑛𝑛][𝑝𝑝] = 𝑛𝑛𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (13) 
 

[𝑉𝑉𝑆𝑆𝑆𝑆3−]𝟐𝟐 + n = [𝑉𝑉𝑆𝑆𝑆𝑆2+]𝟑𝟑 + p (14) 

Under slight Se-rich condi�ons: 

 [𝑉𝑉𝑆𝑆𝑆𝑆3−]2 > [𝑉𝑉𝑆𝑆𝑆𝑆2+]3  → 𝑛𝑛 ≪ 𝑝𝑝 → [𝑉𝑉𝑆𝑆𝑆𝑆3−]~𝑝𝑝  (15) 

Therefore, we claim that the p-type conduc�vity of CSS-deposited Sb2Se3 films could 
arise from the uncompensated an�mony vacancies. From the fact that the admitance 
spectroscopy results were consistent with the results from CV profiling and that the  
hot-probe analysis has demonstrated poor, yet clear p-type conduc�vity for the Sb2Se3 
absorber films on glass, it can be assumed that the free carrier density of ~1014 cm−3 

stems from the deep acceptor at 0.39 eV above VBM.  
To summarize, among all three devices developed in this work, the TiO2/Sb2Se3 cells 

exhibit the highest performance of ~5.3% while the efficiency of CBD-CdS devices is 
dras�cally limited by the intermixing effect at the CdS–Sb2Se3 interface. For all the cells, 
the recombina�on at the interface was iden�fied as a dominant recombina�on 
mechanism; this together with reduced hole density in the Sb2Se3 absorber has a large 
contribu�on to the modest cell efficiency. At the same �me, the achieved 5.3% efficient 
TiO2/Sb2Se3 n-p heterojunc�on device is well aligned in the top reported cell efficiencies 
[59], [65] with the same configura�on and without the employment of back contact 
engineering strategy. Although op�miza�on of back contact via incorpora�on of PCDTBT 
or PbS hole selec�ve layer [59], [65] was proved to be effec�ve for the improvement of 
device performance up to 7%, there is s�ll tremendous room for development and 

https://www.sciencedirect.com/topics/engineering/antimony
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op�miza�on in this direc�on. We are op�mis�c that the implementa�on of the same 
back contact approach, together with op�miza�on of processing condi�on for the  
seed layer at the ETL-absorber interface would allow a similar boost in the efficiency  
of our TiO2/Sb2Se3 device. Nevertheless, we consider that the main emphasis for  
further development should be on the development and op�miza�on of doping 
strategies. Halide processing, (such as Cl, MgCl2) [9] could be one solu�on in this 
direc�on, however, we consider that only implementa�on of controllable delibera�ve 
doping will allow for a significant boost in the efficiency and long term stability of Sb2Se3 
based devices. 

3.2 Developing growth strategy for depositing Sb2S3 thin films by CSS 
3.2.1 The effect of CSS substrate temperature on Sb2S3 film morphology and 
grain orientation  
A CSS growth approach similar to the Sb2Se3 thin films was developed also for Sb2S3 thin 
films. Considering the higher efficiencies for Sb2S3 devices had been achieved using 
chemical deposi�on methods, it was firstly important to understand why physically 
processed Sb2S3 solar cells underperform. Secondly, it gave us an opportunity to again 
determine the op�mal condi�ons for deposi�ng Sb2S3 films with CSS deposi�on. For the 
long run, it provides guidance to developing Sb2(S,Se)3 solar cells. Before proceeding, it is 
important to note that the following results were obtained with Sb2S3 films stacked on 
CdS/FTO/glass substrates. Contrary to Sb2Se3, TiO2 substrates were not compa�ble with 
Sb2S3 films. A detailed discussion on the poten�al reasons to this phenomenon will not 
be a part of the following thesis. 

Sb2S3 absorber layers were embedded in a superstrate glass/FTO/CdS/Sb2S3/Au device. 
Sb2S3 films were deposited onto CdS/FTO/glass substrates by CSS at substrate 
temperatures ranging from 240 to 400 °C. Fig. 29 displays XRD paterns of 
glass/FTO/CdS/Sb2S3 structures. Reflec�ons at 17.5°, 22.3°, 25.0°, 28.6°, 32.6° can be 
assigned to orthorhombic Sb2S3 crystal structure with Pbnm space group symmetry 
(JCPDS 42–1393) [93]. No secondary phases were detected. 

Figure 29. (a) Sb2S3 absorber films deposited by CSS at substrate temperatures 260–380 °C onto 
CdS/FTO substrates, (b) TC values calculated from integrated intensity ratios for main crystal planes 
in Sb2S3 films. 

 

https://www.sciencedirect.com/science/article/pii/S092702482100088X#bib9
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Sb2S3 crystal growth depending on the substrate temperature was inves�gated 
through texture coefficient (TC) analysis, as shown in Fig. 29b. TC values were calculated 
from Eq. 2. What can be noted from the calculated TC values is that Sb2S3 films deposited 
at 260 °C and 300 °C show gradually increasing TC values for 211, 221 and 501 planes, 
with largest TC values (exceeding 1) arising from the (501) planes. For Sb2S3 films 
deposited at 340 °C and 380 °C, the largest TC values correspond to (110) and (320) 
planes. It can be deduced that lower substrate temperatures help induce growth of (hk1) 
planes as compared to higher substrate temperatures. Previous reports on both Sb2S3 
and Sb2Se3 absorbers have also deemed crystal grains with preference for (hk1) planes 
optimal for efficient charge transport across the Sb2S3 and Sb2Se3 films [12], [20], [46], [61]. 

The grain morphology in Sb2S3 films, deposited onto CdS/FTO/glass substrates, was 
analyzed by scanning electron microscopy (SEM). Top-down SEM images of Sb2S3 films, 
which were grown at substrate temperatures of 240–380 °C, as seen in Fig. 30a–d, 
illustrate well how the increase of substrate temperature converts to larger Sb2S3 grains. 
Ramp-up of substrate temperature caused Sb2S3 films to have bigger and denser  
plate-shaped grains as compared to smaller flakes at lower substrate temperatures –  
an observa�on that is consistent with previous CSS deposi�ons of Sb2Se3 and SnS films 
[149], [173]. Cross-sec�onal SEM images in Fig. 30e–h showed that Sb2S3 films also grow 
more compact with increasing substrate temperature. 

Figure 30. Top-down (a–d) and cross-sectional (e–h) SEM images of Sb2S3 absorber films, which are 
deposited at varying substrate temperatures of 260 °C (a, e), 300 °C (b, f), 340 °C (c, g), and 
380 °C (d, h) onto CdS/FTO/glass substrates. 

While the Sb2S3 film fabricated at lower substrate temperature of 260 °C, as seen in 
Fig. 30a, shows rela�vely large voids between the grains, only a small number of pinholes 
in Fig. 30b–d are seen for Sb2S3 films at higher substrate temperatures. More intriguing, 
however, was the occurrence of microcracks, as can be clearly noted in 30d, which were 
found in Sb2S3 films grown at substrate temperatures of 320 °C and above. Interes�ngly, 
no cracks were noted in the previously grown Sb2Se3 films, also made by the CSS process 
[173]. It is likely that there are mul�ple plausible factors that altogether led to the crack 
forma�on. First, it can be argued that the cracking could be related to the difference in 
the thermal expansion coefficients (TECs) of orthorhombic Sb2S3 and Sb2Se3 crystals.  
Gan et al. reported that the TEC of Sb2S3 in the [010] crystal direc�on is two to seven 
�mes larger than the TECs in the [100] and [001] crystal direc�on [174]. At the same �me, 
Herrmann et al. showed that Sb2Se3 has nearly iden�cal TECs values in all three crystal 
direc�ons [175]. This implies that Sb2S3 films could be subject to greater residual stress 
during the deposi�on process at higher temperatures. If there is either substan�al tensile 
or compressive stress within the film, it could lead to crack forma�on [176], [177]. 

https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig2
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig2
https://www.sciencedirect.com/topics/engineering/microcracks
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig2
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Second, since Sb2S3 has a lower mel�ng point (550 °C) compared with Sb2Se3 (611 °C) 
[47], it exhibits higher vapor pressure and sublima�on is expected at lower temperatures. 
Therefore, substrate temperatures from 320 °C onwards could have induced such an 
intense re-sublima�on of the already deposited Sb2S3 film, which eventually led to the 
crack forma�on in the Sb2S3 films. 

3.2.2 The effect of Sb2S3 film microstructure and grain orientation on the Sb2S3 
PV device performance 
Having noted systema�c structural changes in the Sb2S3 film growth, the impact of CSS 
deposi�on temperature on the performance of superstrate glass/FTO/CdS/Sb2S3/Au solar 
cells was subsequently inves�gated. Fig. 31a–d shows main photovoltaic parameters with 
average values for devices with Sb2S3 deposited at substrate temperatures of 240–400 °C. 
Illuminated J–V curves are shown in Fig. 31a for the best devices. As seen in Fig. 31a–d, 
two dis�nct regions can be noted. In the first region, from 240 °C to 300 °C, there is a 
gradual increase of all PV parameters, including open-circuit voltage (VOC), current density 
(JSC), fill factor (FF), and PCE. The maximum PV parameters, namely JSC of 11.5 mA cm−2, 
VOC of 680 mV, FF of 48%, and PCE of 3.8% were obtained for the substrate temperature 
of 300 °C. In the second region, star�ng from substrate temperature of 320 °C, all the PV 
parameters start to decline. Interes�ngly, while the VOC shows only a slight decrease 
before plateauing at 550 mV, both JSC and FF undergo a significant drop, with JSC reducing 
to microamperes. 

Figure 31. Main photovoltaic parameters including (a) open circuit voltage (VOC), (b) short circuit 
current density (JSC), (c) fill factor (FF) and (d) power conversion efficiency (PCE) with average values 
(marked as hollow squares) measured for Sb2S3 devices with Sb2S3 absorber deposited at substrate 
temperatures in the range of 240–400 °C. 

https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig3
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig4
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig3
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External quantum efficiency (EQE) measurements, as seen in Fig. 31b, support the 
trend observed during the J–V measurements, with the best device showing highest EQE 
response for the whole wavelength region. The band gap energy of ∼1.8 eV was 
determined for the best Sb2S3 device, as provided in the Supplementary material of 
Publica�on III. Nevertheless, the best device suffers a significant EQE response drop in 
the short wavelength region, which is associated with parasi�c absorp�on in the CdS ETL 
[173]. Such absorp�on has been widely reported also in CdTe and Sb2Se3 cells, where a 
CdS ETL was employed [161], [178]. For all the devices obtained with Sb2S3 deposited at 
temperatures higher than 340 °C, there was a fu�le EQE response throughout the whole 
wavelength region. This can be atributed to the detected microcracks, which inherently 
lead to the current leakage, further evidenced by low FF values shown in Fig. 31c. 

Figure 32. (a) Illuminated J–V curves of best Sb2S3 devices and (b) external quantum efficiency (EQE) 
plots of Sb2S3 devices with Sb2S3 absorber layer deposited at substrate temperatures of 260–340 °C.  

Based on the cumula�ve structural analysis of Sb2S3 absorber films and device 
characteriza�on of respec�ve Sb2S3 solar cells, it was demonstrated that the op�mal CSS 
deposi�on of Sb2S3 films takes place at a substrate temperature of 300 °C, where a 
compact Sb2S3 grain growth is achieved together with increased presence of favorable 
(hk1) planes. When compared with recent reports on the Sb2S3 fabrica�on with CSS and 
VTD techniques, the op�mal processing temperature found in the current work is  
clearly lower than the deposi�on temperature interval of 350–450 °C reported elsewhere 
[18], [61], [64]. For instance, Hiu et al. reported a VTD deposi�on temperature of  
495 °C for deposi�ng Sb2S3 films and achieved a PCE of 4.7% for the superstrate 
glass/ITO/CdS/Sb2S3/Au device [61]. Zeng et al. reported a 1.4%-efficient CdS/Sb2S3 
device, where a higher CSS processing temperature (no exact values were given) was 
found op�mal for high-quality Sb2S3 absorber [63]. Employing a similar CSS deposi�on 
technique, although with an addi�onal seleniza�on process, Xie et al. produced a device 
with PCE of 4.5% [18]. In this work, the op�mal source and substrate temperatures in the 
CSS reactor were 450 °C and 370 °C, respec�vely [18]. Guo et al. used an iden�cal CSS 
technique and obtained a device efficiency of 3.8% a�er screening substrate 
temperatures of 300–400 °C [119]. However, for the best Sb2S3 device, op�mal substrate 
temperature was not provided. When looking at studies where TE method was used, e.g., 
Chen et al. similarly found op�mal substrate temperatures being in the 300–320 °C range, 
with the device achieving PCE of 3.0% [107]. Lian et al. followed a similar approach, 
employing a substrate temperature of 300 °C, yet also including a seleniza�on step for 

https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig4
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the Sb2S3 absorber and a spiro-OMeTAD HTM atop the absorber, which yielded a device 
with PCE of 6.2% [93]. As can be seen, the later findings reported substrate temperatures 
that match well with the results obtained in this study. In addi�on, we revealed a physical 
phenomenon that had not been reported before. It is important to emphasize that the 
cracking phenomenon of Sb2S3 films, observed during the CSS deposi�on at temperatures 
340–400 °C, had a clear impact on the eventual solar cell performance. Had the cracking 
phenomena not occurred, then inferring from previous experience with the CSS 
deposi�on of CdTe and Sb2Se3 [163], [173], e.g., Sb2S3 films grown at higher substrate 
temperatures, such as seen in Fig. 30c and d, would have probably performed beter, 
given that the films have larger grains and higher level of compactness. Although cracking 
might be an expected occurrence at elevated temperatures in thin film technologies,  
it was s�ll unusual for an an�mony chalcogenide material, and it could have direct 
implica�ons for some of the proposed applica�ons. For instance, such physical 
phenomena could mean Sb2S3 is not compa�ble as a botom cell for the recently 
proposed Sb2Se3–Sb2S3 monolithic tandem solar cell [179]. 

3.2.3 Recombination pathways and heterojunction band alignment in CdS/Sb2S3 
devices 
Figure 33a shows I–V–T curves, which were measured to acquire beter understanding of 
poten�al recombina�on processes for the best CdS/Sb2S3 device (PCE = 3.8%). Fig. 33b 
shows a derived plot of logarithm of series resistance, RS, vs. 1000/T, where RS increases 
with decreasing temperatures. Such behavior can be atributed to trapping of free 
carriers in the Sb2S3 bulk, which contributes to a significant RS increase at lower 
temperatures [128]. The dominant recombina�on process in the CdS–Sb2S3 
heterojunc�on was determined from the VOC–T plot, as shown in Fig. 33c. Ac�va�on 
energy, EA, for the recombina�on process was found according to Eq. 5. Linear 
extrapola�on from higher temperatures to 0 K in the VOC–T plot gave the ac�va�on 
energy of 0.88 ± 0.02 eV, which is much lower than the Sb2S3 band gap energy of 1.8 eV. 
This implies that interface recombina�on is the dominant recombina�on process in the 
CdS/Sb2S3 device. In addi�on, PES was performed on CdS and Sb2Se3 films, as shown in 
Fig. 33d and e, respec�vely, to elucidate band alignment for the FTO/CdS/Sb2S3/Au device 
structure. Ioniza�on poten�al (Ip) was found through extrapola�on of the linear fit from 
valence band edge photoemission to 0 eV, giving ioniza�on poten�als of 5.65 ± 0.02 eV 
and 5.08 ± 0.03 eV for CdS and Sb2S3, respec�vely. Considering the band gap values of 
CdS and Sb2S3, a band diagram of the device was subsequently drawn, as shown in  
Fig. 33f, which revealed a small posi�ve conduc�on band offset (CBO) of ≈0.1 eV between 
the CdS ETL and Sb2S3 absorber. Although it implies a forma�on of a spike, an electrosta�c 
barrier to electrons moving to the front electrode, it has been argued that for such a small 
CBO, thermionic emission across the junc�on would s�ll allow unimpeded charge 
transport [77], [180]. 

Deep defects could also explain substan�al VOC losses in the CdS/Sb2S3 devices;  
TAS enabled characteriza�on of deep defects in the Sb2S3 absorber. Similar to TAS 
measurements described in Sec�on 1.3.2, relaxa�on frequencies, ω0, of capacitance 
steps were found from the maxima of a deriva�ve capacitance (–ωdC/dω) plot. In the 
Arrhenius plot, natural logarithms of relaxa�on frequencies were ploted against inverse 
temperature to calculate the ac�va�on energy (EA) and thermal emission prefactor (ξ0) 
according to Eq. 1. 

https://www.sciencedirect.com/topics/engineering/antimony
https://www.sciencedirect.com/topics/chemistry/tandem-solar-cell
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig5
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fd2
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig5
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Figure 33. (a) C–f–T curves of CdS/Sb2S3 solar cell (PCE = 3.8%) measured from 80 to 320 K, 
(b) –ωdC(ω)/dω vs Eω plots that show two distinct peaks, (c) Arrhenius plot of ln (ω/T2) vs. 1/T used 
to calculate activation energies and thermal emission prefactors, PES spectra of (d) CdS on
FTO/glass substrate and (e) Sb2S3 on CdS/FTO/glass substrates, (f) derived band diagram for the 
FTO/CdS/Sb2S3/Au solar cell structure.

Temperature–dependent capacitance–frequency (C–f–T) curves of a Sb2S3 device are 
shown in Fig. 34a. From the deriva�ve capacitance plot, as shown in Fig. 34b, two dis�nct 
maxima could be discerned. Fig. 34c shows the Arrhenius plot with two ac�va�on 
energies: EA1 of 0.32 eV (ξ0 of 4.2 × 106 s−1 K−2) and EA2 of 0.37 eV (ξ0 of 5.2 × 106 s−1 K−2). 

Figure 34. (a) C–f–T curves of CdS/Sb2S3 solar cell (PCE = 3.8%) measured from 80 to 320 K, 
(b) –ωdC(ω)/dω vs Eω plots that show two distinct peaks, (c) Arrhenius plot of ln (ω/T2) vs. 1/T used 
to calculate activation energies and thermal emission prefactors.

The ac�va�on energy of 0.32 eV has also been reported in a DLTS study on a TiO2/Sb2S3 
solar cell and was assigned to an Sb vacancy (VSb) [106]. A first-principles calcula�ons 
study assigned comparable ac�va�on energies to a S an�site (SSb) defect and an Sb 
vacancy, respec�vely, and where both were reported to exist in high concentra�on due 
to low forma�on energy [119], [181] . Furthermore, a DFT study on intrinsic Sb2S3 found 
that VSb defects have two ioniza�on energies between 0.3 and 0.4 eV, although these 
defects show rela�vely high defect forma�on energies [119]. Based on these reports and 
prior admitance measurements on the Sb2Se3 counterpart, presented in Sec�on 3.1.7, 
at least one of the two ac�va�on energies could be tenta�vely assigned to the Sb vacancy. 

https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig6
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig6
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig6
https://www.sciencedirect.com/topics/chemistry/deep-level-transient-spectroscopy
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Figure 35a shows PL spectra measured at 3–70 K for the Sb2S3 deposited at substrate 
temperature of 300 °C onto the CdS/FTO/glass substrate. It is important to men�on that 
ini�al PL measurements were performed using a con�nuous wave He-Cd gas laser and an 
InGaAs detector [138], [149]. Since the con�nuous wave laser led to localized hea�ng of 
the sample and given that a half-band was detected at around 1.35 eV, which was at the 
detec�on limit of the working range of the InGaAs photomul�plier tube (0.77–1.35 eV), 
a pulsed laser with a detec�on limit greater than 1.35 eV was opted. PL spectra revealed 
two PL bands: a narrow emission band peaked at 1.72 eV and a very broad asymmetric 
emission band peaked at around 1.40 eV. 

Figure 35. (a) Low-temperature PL spectra of Sb2S3 films deposited at substrate temperature of  
300 °C on a CdS/FTO/glass substrate. For the given sample, (b) fitting of an asymmetric D2 band by 
using a single asymmetric sigmoidal function, and (c) temperature-dependent fitted PL spectra of 
D2 band measured in the temperature range of 3–25 K (d) Arrhenius plot giving thermal activation 
energy of the D2 band in Sb2S3, which was obtained from fitted PL spectra, (e) model visualizing D1 
band-to-band emission and D2 emission originating from a deep donor to shallow acceptor 
transition and/or from a deep donor to deep acceptor (VSb) transition. 

The band D1 peaked at 1.72 eV was fited by assuming there is a single peak and is 
related to a band-to-band transi�on. The broad band D2 was fited by a single asymmetric 
sigmoidal func�on for the deconvolu�on of asymmetric band, as presented in Fig. 35b 
[138], [144]. Thereby, we obtained temperature-dependent PL spectra of band D2, 
as shown in Fig. 35c, which peak at approximately 1.40 eV. It is worth men�oning that 
while D1 band-to-band transi�on has been reported by a recent study employing 
room-temperature PL, to the best of our knowledge, the D2 band-related emission has 
not been reported thus far. To gain beter understanding of the peculiarity of this band, 
the Arrhenius plot, as shown in Fig. 35d, was derived to EA of the D2 band. Ac�va�on 
energy of 10 ± 2 meV was obtained, indica�ng that at least one shallow defect is involved 
in that recombina�on. In a classical approach, laser power dependence can provide 
suppor�ng evidence if this D2 band originates from a donor-acceptor-pair (DAP) 

https://www.sciencedirect.com/topics/engineering/indium-gallium-arsenide
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig7
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig7
https://www.sciencedirect.com/science/article/pii/S0927024822005566#fig7
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recombina�on. However, since at higher laser power (≥10 mW) sample degrada�on was 
observed, and at lower laser power (<3 mW) intensity of the signal was lost, we were not 
able to conduct laser power dependence measurements. Nevertheless, a subtle blue shi� 
of the D2 band was observed with increasing temperature. Such a phenomenon, where 
a band is shi�ed toward higher energies with increasing temperature, has been related 
to a DAP recombination at low temperatures [138]. To satisfy this DAP mechanism, we 
should assume contribu�on from a certain deep donor defect, such as the S vacancy (VS) 
(0.3–0.6 eV) [106], [181]. According to this scenario, the donor level will be occupied 
provided the temperature is increased, and recombination occurs between the conduction 
band and a deep acceptor. 

According to TAS results, this deep acceptor can be assigned to the Sb vacancy (VSb). 
In theory, there is always one type of defect, which prevails over others in the crystal 
la�ce. Given that the theore�cal studies have provided low forma�on energies for 
vacancy defects (VSb, VS) [106], [181], we consider these Schottky defects to be predominant 
and provide their forma�on mechanism in the Supplementary Material. Based on the 
above discussion and existence of possible defect levels, a DAP model is proposed in  
Fig. 35e. For the given model, it can be assumed the DAP transi�on could be related to 
either the transi�on between deep donor (DD) to shallow acceptor transi�on and/or 
between deep donor (Vs) and deep acceptor (VSb, as determined from TAS measurements). 
For beter clarifica�on, laser power dependence measurements would be needed to 
ascertain the shi� of the band peak posi�on per decade. Nevertheless, the presence of 
such complex defects is detrimental to the performance of Sb2S3 device, poten�ally 
limi�ng the built-in voltage and photocurrent collec�on. 

In conclusion, we systema�cally studied the effect of substrate temperature on the 
Sb2S3 absorber microstructure and grain orienta�on with the CSS method, employing a 
wide substrate temperature range of 240–400 °C. It was found that CSS substrate 
temperature of 300 °C is op�mal, resul�ng in compact crack-free films with increased 
presence of favorable (hk1) planes. Higher substrate temperatures (340–380 °C) caused 
Sb2S3 films to have bigger, more dense plate-shaped grains as compared to smaller flakes 
at lower substrate temperatures (240–280 °C), However, microcracks were detected in 
Sb2S3 films star�ng from substrate temperature of 320 °C. The maximum PV parameters, 
namely JSC of 11.5 mA cm−2, VOC of 680 mV, FF of 48%, and PCE of 3.8% were obtained for 
the substrate temperature of 300 °C. For the same device the EQE showed the best 
response over the en�re 300–800 nm wavelength range. For the best device, extrac�on 
of ac�va�on energy from the VOC–T plot indicated that interface recombina�on is the 
dominant recombina�on mechanism in these devices. Based on the determined 
ioniza�on poten�als, a band diagram was derived, which showed favorable band 
alignment between the CdS ETL and Sb2S3 absorber. TAS study showed two deep defects 
with ac�va�on energies of 0.32 eV and 0.37 eV, while low-temperature PL measurement 
revealed a band-to-band emission at 1.72 eV and a broad band peaked at 1.40 eV, which 
was assigned to a donor-acceptor pair recombina�on. Although the device efficiency of 
3.8% is a promising achievement and well-placed result within reported Sb2S3 based 
devices processed by physical deposi�on methods, the performance limi�ng factors like 
ETL/absorber interface recombina�on and existence of deep defects in the Sb2S3 
absorber remain the key issues for this device structure. Further technological steps,  
such as post-deposi�on treatments and doping, combined with in-depth advanced 
characteriza�on, need to be implemented to progress the development of emerging  
cost-efficient and environmentally friendly Sb2S3 thin film PV devices. 
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Conclusions 
This doctoral work comprised of a development of growth strategies for deposi�ng Sb2Se3 
and Sb2S3 thin film solar cells by CSS and inves�ga�ng deep defects in Sb2Se3 and Sb2S3 
devices using TAS. Growth strategies, which included op�miza�on of CSS source 
temperature, seed screening, and selec�on of a suitable ETL, were determined for 
op�mal performance of Sb2Se3 and Sb2S3 PV devices with superstrate device architecture. 
The microstructure quality of both Sb2Se3 and Sb2S3 thin films were significantly affected 
by the CSS substrate temperature. The changes in the grain morphologies were explained 
by the theory of nuclea�on and grain growth. 

1. Increasing substrate temperature from 300 to 450 °C yielded more compact and 
larger grain morphologies for the Sb2Se3 films deposited on the CSS-deposited 
CdS ETL.  

2. Sb2Se3 thin films deposited at substrate temperature of 450 °C exhibited the 
highest performance with PCE of 2.8% when integrated into the PV device. This 
superior performance was atributed to the more compact Sb2Se3 films with 
larger grains and enhanced texture for (hk1) planes.  

3. Similar evolu�on of grain morphology was also demonstrated in Sb2S3 thin films 
deposited at substrate temperatures from 240 to 400 °C. Microcracks started 
forming across the Sb2S3 films at substrate temperatures from 320 °C onwards. 
Previously unreported microcracks could be related to anisotropic thermal 
expansion coefficients of Sb2S3 and la�ce mismatch between the CdS ETL and 
the Sb2S3 absorber. 

4. Sb2S3 thin films deposited at substrate temperature of 300 °C showed the best 
performance with PCE of 3.8% when integrated into the PV device. Sb2S3 films 
were crack-free, compact and showed stronger presence for (hk1) planes than 
(hk0) planes.  

5. The effect of heterojunc�on partner layers CdS, deposited by CSS and CBD, and 
TiO2, deposited by USP, and seed screening on the Sb2S3 film and device 
proper�es was also studied. PV device with the TiO2/Sb2Se3 heterojunc�on 
achieved the highest efficiency with PCE of 5.3%, which was atributed to beter 
Sb2S3 microstructure quality, improved photoresponse owing to the wider 
bandgap of TiO2, and enhanced grain orienta�on in the [001] direc�on. 

6. Substrate temperature of 450 °C is suspected to induce chemical intermixing of 
Cd from the CBD-CdS ETL and Se from the Sb2Se3 absorber, which leads to the 
forma�on of a CdSe interface layer. This could explain the lowest performance 
and photoresponse for the PV device based on the CBD-CdS/Sb2Se3 interface. 
Such phenomenon was not noted for the CSS-CdS/Sb2Se3 device. 

7. Seed screening approach, which involved a deposi�on of an amorphous Sb2Se3 
film prior to the main Sb2Se3 absorber layer deposi�on, improved the grain 
orienta�on of the Sb2Se3 film in the [001] direc�on, as evidenced by TC analysis 
and pole figures measured by XRD. 

8. In addi�on to common TC analysis, grain orienta�on of Sb2Se3 films grown with 
seed and no seed were analyzed deeper by pole figures measured by XRD and 
EBSD map. Pole figures measured by XRD revealed significantly stronger 
presence of (002) planes in the seed-assisted Sb2Se3 as compared to the Sb2Se3 
film deposited without the seed layer. EBSD map of the seed-assisted Sb2Se3 film 
s�ll showed a wide distribu�on of crystal orienta�ons.  
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9. Deep defects were inves�gated for both Sb2Se3 and Sb2S3 PV devices by TAS 
measurements. Thermal ac�va�on energies of 0.4 eV, 0.5 eV, and 0.6–0.7 eV 
above VBM were found in Sb2Se3 devices, where the lowest energy was 
tenta�vely atributed to a deep acceptor defect, such as the VSb or SeSb defect. 
Two thermal ac�va�on energies between 0.3–0.4 eV were detected for a Sb2S3 
PV device, which could originate from the VSb and SSb defects. 

10. CV profiling of Sb2Se3 devices reveals a large defect density in the order of 
1017 cm–3, while the free carrier density of intrinsic Sb2Se3 is expected to be low 
in the order 1014 cm–3. 

11. Thermal ac�va�on energies, which were derived from the dark I–V–T 
measurements of both Sb2Se3 and Sb2S3 devices, are well below the respec�ve 
bandgap energies of Sb2Se3 and Sb2S3 and therefore point to interface 
recombina�on as a dominant recombina�on mechanism. 

12. Ioniza�on energies measured for the CSS-CdS ETL and Sb2S3 absorber show that 
the CdS/Sb2S3 heterojunc�on exhibits good band alignment. Despite a small 
posi�ve CBO offset of 0.1 eV, thermionic emission is expected, allowing 
unimpeded electron transport. 

13. Low-temperature PL measurements of Sb2S3 films revealed two PL bands D1 and 
D2. The D1 band peaked at 1.7 eV and was atributed to band-to-band transi�on, 
the previously unreported D2 band peaked at 1.4 eV and showed a subtle blue 
shi�, which is indica�ve of a DAP recombina�on. 
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Abstract 

Development of Sb2Se3 and Sb2S3 Thin Film Solar Cells by 
Close-Spaced Sublimation 
Thin film photovoltaic (PV) technologies based on binary an�mony chalcogenides Sb2X3 
(X = S, Se, S/Se) have garnered significant aten�on due to their excellent optoelectronic 
proper�es, unique quasi-one-dimensional (Q–1D) characteris�cs, simple processing, low 
toxicity, earth-abundant cons�tuents, and their applicability in innova�ve PV 
applica�ons. These applica�ons include tandem solar cells, internet-of-things (IoT) 
devices, flexible solar cells, and building-integrated PV (BIPV). Despite the rapid progress 
in Sb2Se3 and Sb2S3 PV devices, which have achieved impressive power conversion 
efficiencies (PCEs) of 10.1% and 8.0%, respec�vely, there are s�ll technological challenges 
that need to be addressed to further enhance their performance. These challenges 
include unfavorable grain orienta�on and extensive defect-related recombina�on. 
Therefore, it is essen�al to develop growth strategies to improve the grain orienta�on 
and enhance the understanding of defect structures in Sb2Se3 and Sb2S3 films. 

The primary aims of this doctoral thesis were to develop growth strategies for 
fabrica�ng Sb2Se3 and Sb2S3 thin film solar cells using the close-spaced sublima�on (CSS) 
method and to inves�gate deep defects in the Sb2Se3 and Sb2S3 devices using 
temperature-dependent admitance spectroscopy (TAS). 

The thesis is based on three publica�ons. Publica�ons I and II focus on the fabrica�on 
and characteriza�on of Sb2Se3 thin film PV devices, while Publica�on III centers around 
the development and characteriza�on of Sb2S3 devices. The thesis comprises three 
chapters. Chapter I provides a literature overview of the material proper�es of Sb2X3, 
state-of-the-art Sb2X3 PV devices, and the two main technological challenges currently 
limi�ng the performance of Sb2Se3 and Sb2S3 devices. Chapter II presents an overview of 
the experimental techniques used for fabrica�ng the Sb2Se3 and Sb2S3 PV devices, along 
with details of the material and characteriza�on techniques employed in the doctoral 
work. Chapter III is divided into two main sec�ons. The first sec�on focuses on the 
development of a growth strategy for deposi�ng Sb2Se3 thin film solar cells using CSS. 
This includes the op�miza�on of CSS substrate temperature, selec�on of a suitable 
electron transport layer (ETL), and the adoption of a seed screening approach. The chapter 
also demonstrates the analysis of grain orienta�on in the Sb2Se3 thin films through pole 
figure and electron backscater diffrac�on (EBSD) measurements, along with the analysis 
of free carrier and defect densi�es using CV profiling and TAS. The second sec�on 
concentrates on the development of a growth strategy for deposi�ng Sb2S3 thin film solar 
cells using CSS, including the op�miza�on of CSS substrate temperature. The sec�on also 
inves�gates defects in Sb2S3 using TAS and low-temperature photoluminescence (PL) and 
discusses heterojunc�on band alignment and dominant recombina�on mechanisms. 

In the fabrica�on of Sb2Se3 thin film solar cells by CSS, three different heterojunc�on 
layers were utilized: CSS-deposited CdS (CSS-CdS), spray-deposited TiO2, and CBD-deposited 
CdS (CBD-CdS). The op�mized Sb2Se3 films employed a seed layer, which was deposited 
onto the electron transport layer (ETL) before the main absorber layer deposi�on. Sb2S3 
thin films were also fabricated by CSS on the CSS-CdS ETL. Material characteriza�on 
techniques such as scanning electron microscopy (SEM) and X-ray diffraction (XRD) were 
used. Pole figures and EBSD maps were generated for an Sb2Se3 film, while low-temperature 
photoluminescence (PL) and photoelectron spectroscopy (PES) were used to study Sb2S3 
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films. The Sb2Se3 and Sb2S3 PV devices were characterized using temperature-dependent 
current-voltage (I–V–T), external quantum efficiency (EQE), capacitance-voltage (CV) 
profiling, and TAS analysis methods. 

The results demonstrated that the quality of the microstructure and grain orienta�on 
strongly depended on the CSS substrate temperature. Increasing the substrate 
temperature from 300 to 450 °C resulted in more compact and larger grain morphologies 
for the Sb2Se3 films deposited on the CSS-deposited CdS ETL. The Sb2Se3 thin films 
deposited at a substrate temperature of 450 °C exhibited the highest performance with 
a PCE of 2.8% when integrated into the PV device. This superior performance was 
atributed to the more compact Sb2Se3 films with larger grains and a stronger texture for 
(hk1) crystal planes. A similar evolu�on in grain morphology was observed in Sb2S3 thin 
films deposited at substrate temperatures ranging from 240 to 400 °C. However, 
microcracks started forming across the Sb2S3 films at substrate temperatures above  
300 °C. These previously unreported microcracks could be atributed to the anisotropic 
thermal expansion coefficients of Sb2S3 and the la�ce mismatch between the CdS ETL 
and the Sb2S3 absorber. Consequently, Sb2S3 thin films deposited at a substrate 
temperature of 300 °C exhibited the best performance with a PCE of 3.8% when 
integrated into the PV device. These films were crack-free, compact, and showed a 
stronger presence for (hk1) planes than (hk0) planes. Addi�onally, the proper�es of Sb2S3 
films and devices were studied with different ETLs and a seed screening approach.  
The PV device based on the TiO2/Sb2Se3 heterojunc�on achieved the highest efficiency 
with a PCE of 5.3%. This achievement was atributed to beter Sb2S3 microstructure 
quality, improved photoresponse resul�ng from the wider bandgap of TiO2, and 
enhanced grain orienta�on in the [001] direc�on. It is suspected that a substrate 
temperature of 450 °C induces chemical intermixing through the outdiffusion of Cd from 
the CBD-CdS ETL and Se from the Sb2Se3 absorber, leading to the forma�on of a CdSe 
interface layer. This could explain the reduced photoresponse and lowest performance of 
the PV device based on the CBD-CdS/Sb2Se3 interface. Pole figures measured by XRD 
mapping of the Sb2Se3 films deposited with and without a seed layer on the TiO2 ETL 
confirmed the increase in texture for (002) planes in the seed-assisted Sb2Se3 film.  
An EBSD map of the grains in the seed-assisted Sb2Se3 film revealed a wide range of 
crystal orienta�ons. 

Deep defects in both Sb2Se3 and Sb2S3 PV devices were inves�gated using TAS analysis. 
Thermal ac�va�on energies of 0.4 eV, 0.5 eV, and 0.6–0.7 eV above the valence band 
maximum (VBM) were found in Sb2Se3 devices, with the lowest energy tenta�vely 
atributed to a deep acceptor defect such as the VSb or SeSb defect. Two thermal ac�va�on 
energies between 0.3–0.4 eV were detected for the Sb2S3 PV device, which could 
originate from the VSb and SSb defects. CV profiling of Sb2Se3 devices revealed a large 
defect density on the order of 1017 cm–3, while the free carrier density of undoped Sb2Se3 
is expected to be low, on the order of 1014 cm–3. The thermal ac�va�on energies derived 
from dark I–V–T measurements of both Sb2Se3 and Sb2S3 devices were well below the 
respec�ve bandgap energies of Sb2Se3 and Sb2S3, indica�ng interface recombina�on as a 
dominant recombina�on mechanism. Ioniza�on energies measured for the CSS-CdS ETL 
and Sb2S3 absorber indicated that the CdS/Sb2S3 heterojunc�on exhibited good band 
alignment. Despite a small posi�ve conduc�on band offset of 0.1 eV, thermionic emission 
is expected, allowing unimpeded electron transport. Low-temperature PL measurements 
of Sb2S3 films revealed two PL bands, D1 and D2. The D1 band peaked at 1.7 eV and  
was atributed to band-to-band transi�on, while the previously unreported D2 band 
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peaked at 1.4 eV and showed a subtle blue shi�, indica�ve of DAP recombina�on at low 
temperatures. 

In conclusion, this doctoral work focused on the op�miza�on of CSS substrate 
temperature, which was found to have a significant effect on the microstructure quality 
and grain orienta�on of Sb2Se3 and Sb2S3 films. The use of a seed screening approach was 
demonstrated as a processing route to enhance the Sb2Se3 film orienta�on along the 
[001] direc�on, as evidenced by the pole figures measured using XRD. The selec�on of 
TiO2 as the ETL for Sb2Se3 resulted in the highest PCE of 5.3%. The detrimental effect of 
cracking phenomena in Sb2S3 thin films deposited at CSS substrate temperatures above 
300 °C was revealed, and possible explana�ons were provided. TAS measurements 
provided insights into poten�al deep defects in Sb2Se3 and Sb2S3 devices. CV profiling 
revealed a high defect density of 1017 cm–3 in the Sb2Se3 device. Low-temperature PL of 
Sb2S3 revealed a wide band peaking at 1.4 eV, indica�ng extensive non-radia�ve 
recombina�on. Interface recombina�on was iden�fied as the prevalent recombina�on 
mechanism. However, the CdS and Sb2S3 heterojunc�on exhibited very good band 
alignment. 

The novelty of this doctoral work lies in the op�miza�on of CSS substrate temperature, 
which was demonstrated to have a significant effect on the microstructure quality and 
grain orienta�on of Sb2Se3 and Sb2S3 films. The use of a seed screening approach provided 
insights into enhancing the Sb2Se3 film orienta�on along the [001] direc�on. The inclusion 
of pole figures measured by XRD and an EBSD map improved the analysis of grain 
orienta�on in Sb2X3 films, where preferred orienta�ons are o�en claimed has�ly.  
The occurrence of cracking phenomena in Sb2S3 thin films at CSS substrate temperatures 
above 300 °C was revealed, along with possible explanations. TAS measurements shed light 
on potential deep defects in Sb2Se3 and Sb2S3 absorbers. By developing a comprehensive 
deposi�on strategy and improving the understanding of defect chemistry in Sb2Se3 and 
Sb2S3, this work has laid the groundwork for the future development of Sb2(S,Se)3 solar 
cells using CSS. 
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Kokkuvõte 

Sb2Se3 ja Sb2S3 õhukesekileliste päikesepatareide arendamine 
lähidistants-sublimatsiooni meetodil 
Õhukesekilelised päikesepatareitehnoloogiad (ingl thin film photovoltaic (PV) 
technologies), mis põhinevad binaarsetel an�moni kalkogeniididel Sb2X3 (X = S, Se, S/Se), 
on pälvinud laialdast tähelepanu, sest neil on suurepärased optoelektroonilised 
omadused ja unikaalne kvaasi-ühemõõtmeline (Q–1D) kristallikasv. Seejuures on 
materjalid lihtsas� valmistatavad, neil on madal toksilisus ja nad koosnevad maapõues 
rohkes� leiduvatest keemilistest elemen�dest. Need omadused võimaldavad  Sb2X3 

materjale kasutada uuenduslikes päikesepatareide rakendustes, nagu näiteks  
tandem-päikesepatareid, värkvõrguseadmed (ingl internet-of-things – IoT), painduvad 
päikesepatareid ja ehi�sintegreeritud päikesepatareid (ingl building-integrated  
PV – BIPV). Vaatamata Sb2Se3 ja Sb2S3 päikesepatareide kiirele arengule viimase 
kümnendi jooksul, mille jooksul on päikesepatareide jõudlus küündinud efek�ivsusteni 
vastavalt 10,1% ja 8,0%, tuleb nende jõudluste olulisemaks suurendamiseks lahendada 
mitmeid materjalitehnoloogilisi väljakutseid. Näiteks tuleb välja arendada 
kasvustrateegiaid Sb2Se3 ja Sb2S3 õhukestes kiledes laengute transpor� soodustava 
kristalliidi orientatsiooni saavutamiseks ning saada ülevaade kiledes leiduvatest 
defek�dest. 

Käesoleva doktoritöö peamisteks eesmärkideks on välja töötada kasvustrateegiaid 
Sb2Se3 ja Sb2S3 õhukesekileliste päikesepatareide valmistamiseks lähidistants-sublimatsiooni 
(ingl close-spaced sublimation – CSS) meetodil ning uurida Sb2Se3 ja Sb2S3 kiledes 
esinevaid sügavaid defekte temperatuurist sõltuva kompleksjuh�vusspektroskoopia (ingl 
temperature-dependent admittance spectroscopy – TAS) abil. 

Doktoritöö põhineb kolmel publikatsioonil. Ar�klid I ja II keskenduvad Sb2Se3 
õhukesekileliste päikesepatareide valmistamisele ja iseloomustamisele, samas kui 
ar�kkel III keskendub Sb2S3 päikesepatareide väljatöötamisele ja iseloomustamisele. 
Doktoritöö koosneb kolmest peatükist. Peatükk I annab ülevaate Sb2X3 materjali 
omadustest, Sb2X3 päikesepatareide arengust ning kahest peamisest tehnoloogilisest 
väljakutsest, mis hetkel Sb2Se3 ja Sb2S3 seadmete jõudlust piiravad. Peatükk II annab 
ülevaate Sb2Se3 ja Sb2S3 päikesepatareide valmistamiseks kasutatud eksperimentaalsetest 
meetoditest, samuti doktoritöös kasutatud materjali ja päikesepatarei iseloomustamiseks 
kasutatud meetoditest. Peatükk III jaguneb kaheks osaks. Esimene osa keskendub 
kasvustrateegia väljatöötamisele Sb2Se3 õhukeste kilede ja päikesepatareide 
valmistamiseks CSS meetodiga. Selle hulka kuulub CSS substraadi temperatuuri 
op�meerimine, sobiva elektrontranspordi kihi (ingl electron transport layer – ETL) 
valimine ja idukihi (ingl seed layer – SL) meetodi juurutamine. Peatükk sisaldab ka Sb2Se3 
õhukeste kilede kristalliidi orientatsiooni analüüsi läbi pooluskuju�ste (ingl pole figures) 
ja tagasihajunud elektronide difraktsiooni (ingl electron backscatter diffraction – EBSD) 
mõõtmiste ning vabade laengukandjate ja defek�de �heduse analüüsi mahtuvus-pinge 
(ingl capacitance–voltage – CV) mõõtmiste ja TAS meetodi abil. Teine osa keskendub 
kasvustrateegia väljatöötamisele Sb2Se3 õhukesekileliste päikesepatareide valmistamiseks 
CSS meetodiga, sealhulgas CSS substraadi temperatuuri op�meerimisele. Siin osas 
uuritakse Sb2S3 defekte, kasutades TAS ja madalatemperatuurilist fotoluminestsentsi (ingl 
photoluminescence – PL), ning heterosiirde energiatsoonide joondumist ja seadmes 
domineerivaid rekombinatsioonimehhanisme. 


	Contents
	List of publications
	Author’s contribution to the publications 
	Introduction
	Abbreviations
	1 Literature review
	1.1 Present status of solar photovoltaics (PV)
	1.2 Sb-chalcogenides as promising absorber materials for thin film solar cells
	1.2.1 Physical vapor deposition (PVD) methods for fabricating Sb2Se3 and Sb2S3 thin films
	1.2.2 Electron transport layers (ETLs) 
	1.2.3 State-of-the-art of Sb2Se3, Sb2S3, and Sb2(S,Se)3 solar cells

	1.3 Performance limiting factors in Sb2Se3 and Sb2S3 PV devices
	1.3.1 Controlling microstructure quality and grain orientation in Sb2Se3 and Sb2S3 thin films
	1.3.2 Defect properties in Sb2Se3 and Sb2S3 


	Summary of the literature review and the aims of the study
	2 Experimental
	2.1 Fabrication of Sb2Se3 and Sb2S3 PV devices
	2.2 Sb2Se3 and Sb2S3 thin film characterization
	2.3 Sb2Se3 and Sb2S3 PV device characterization

	3 Results and discussion
	3.1 Developing growth strategy to fabricate Sb2Se3 thin films solar cells by CSS
	3.1.1 The effect of CSS substrate temperature on Sb2Se3 film microstructure and grain orientation 
	3.1.2 The effect of Sb2Se3 film microstructure and grain orientation on the Sb2Se3 device performance
	3.1.3 The effect of CBD-CdS and TiO2 ETLs on the Sb2Se3 film morphology and grain orientation
	3.1.4 Analysis of grain orientation in Sb2Se3 thin films
	3.1.5 The effect of ETL and seed screening on the Sb2Se3 device performance
	3.1.6 Analysis of recombination mechanisms in the Sb2Se3 devices
	3.1.7 Analysis of free carrier and defect densities in Sb2Se3 PV devices

	3.2 Developing growth strategy for depositing Sb2S3 thin films by CSS
	3.2.1 The effect of CSS substrate temperature on Sb2S3 film morphology and grain orientation 
	3.2.2 The effect of Sb2S3 film microstructure and grain orientation on the Sb2S3 PV device performance
	3.2.3 Recombination pathways and heterojunction band alignment in CdS/Sb2S3 devices


	Conclusions
	Acknowledgements
	Abstract
	Kokkuvõte
	References
	Appendix 1
	Appendix 2
	Appendix 3
	Curriculum vitae
	Elulookirjeldus
	Word Bookmarks
	bfig2
	bbib9
	bbib40
	bfig5
	bf0015
	bfig7
	bfig1
	bfd1
	bfig3
	bbib24
	bbib13
	bfd2
	bbib56




