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Introduction 
Several countries have ambitiously promised to achieve net-zero carbon emissions (NZE) 
by 2050 to combat global warming and environmental pollution [1], [2]. The worldwide 
adaptation of NZE requires a swift transition from non-renewable energy sources, i.e. oil, 
coal, and nuclear (71 % of global electricity generation in 2019), to 70 % renewables, i.e. 
wind, water, and solar power by 2050 [3]. The optimistic NZE scenario requires increasing 
the annual installed capacity of photovoltaics (PV) fivefold by 2050 [3]. Accordingly, PV 
could contribute substantially to achieving NZE by 2050. 

At present, crystalline silicon (c-Si), and thin film PV contribute 95 %, and 5 %, 
respectively, to the worldwide PV installation capacity [4]. Additionally, emerging PV, e.g. 
kesterites, dye sensitized solar cells, organic PV, perovskites, quantum dot PV, and binary 
chalcogenide PV, could support the effort toward achieving NZE. Currently, standalone, 
tandem and bifacial solar cells based on emerging PV and c-Si are considered promising 
for contributing to NZE. In addition, building integrated PV, e.g. solar windows, and 
product integrated PV, e.g. consumer products, are also perceived as viable applications 
for emerging PV. As these applications rely on long-term stability, solar cells based on 
inorganic absorber materials would be advantageous. 

Among inorganic emerging PV technologies, Sb2S3 solar cells are increasingly more 
popular for semitransparent PV applications due to the stability of the material toward 
temperature, moisture, ultraviolet light, and oxidation, and an absorption coefficient of 
105 cm-1 in visible light, and a direct band gap = 1.7 eV [5]. Furthermore, as Sb, and S are 
abundantly available resources, there is definitely potential to prepare transparent Sb2S3 
solar cells in a substantial installation capacity. 

In order to produce solar cells in a capacity that contributes to achieving NZE by 2050, 
the fabrication process must be appropriate. Sb2S3 thin films have been commonly grown 
by chemical bath deposition, spin coating, atomic layer deposition, and ultrasonic spray 
pyrolysis (USP), yielding solar cells with η = 7.5 % [6], 4.3 % [7], 5.8 % [8], and 1.9 % [9] 
by 2017, respectively. The η achieved by USP-Sb2S3 solar cells was lower because the 
preparation of Sb2S3 films by USP was relatively unexplored. Thus far, Sb2S3 had been 
grown in a single step by USP on a planar substrate [9], and by a two-step process onto 
a nonplanar substrate [10]. 

USP is a robust and rapid solution based technique applicable for continuous 
deposition onto large substrates, e.g. window glass panes in air. Furthermore, spent 
feedstock can be recycled with commonly available processes to reduce waste. However, 
the processing conditions to deposit continuous planar Sb2S3 films must be developed. 

The aim of this research is to deposit phase pure continuous Sb2S3 thin films with a 
uniform thickness by ultrasonic spray pyrolysis, and to apply the films in planar solar cells. 
The procedure to achieve the aim, and to understand the growth mechanism of Sb2S3 
thin films by ultrasonic spray pyrolysis was developed by tuning the deposition conditions 
for a halogenide-based, and a halogenide-free precursor solution. The suitability of the 
halogenide-free precursor for the purposes of the thesis was investigated by thermal 
analysis. Planar Sb2S3 thin film solar cells were prepared from the halogenide-based 
precursor solution using ultrasonic spray pyrolysis. The effect of absorber thickness, cell 
area, storage time, and light intensity was investigated for these solar cells to provide a 
more thorough understanding of the photovoltaic performance of Sb2S3 solar cells, and 
to identify possible challenges. 
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The novelty of this study is that the technological route was developed for preparing 
continuous phase pure Sb2S3 thin films on a planar substrate from a solution of Sb(TU)3Cl3 
by a two-step process. The methodology was developed by varying the solution 
composition and USP deposition temperature, and the post-deposition heat treatment 
temperature. Furthermore, it was proven that these Sb2S3 thin films grown by USP are 
applicable for use in planar thin film solar cells, yielding up to 5.5 % power conversion 
efficiency after optimizing the thickness of the absorber. Moreover, the applicability of 
antimony ethyl xanthate (SbEX) as a precursor for depositing Sb2S3 thin films by USP was 
assessed via thermal analysis and solid SbEX decomposition product analysis. Finally,  
the technological route to deposit continuous phase pure Sb2S3 thin films was developed 
based on the results of varying the solution of SbEX/thiourea or SbEX/thioacetamide, 
deposition temperature and precursor solution composition. 

This thesis is based on four published papers, and contains three chapters. The first 
chapter is a literature overview of established and emerging photovoltaics with a focus 
on Sb2S3 as a photovoltaic material. Development of Sb2S3 solar cells before 2017, and in 
parallel to this thesis is discussed. Deposition methods used to grow Sb2S3 thin films for 
photovoltaic applications are described. USP as a prospective deposition method is 
discussed at length. The hypothesis and the aim of this thesis conclude the literature 
survey. The applied experimental procedures and characterization methods are 
summarized in the second chapter. The third chapter containing the results and 
discussion of the thesis is divided into four sections. 

The first section in the results and discussion chapter summarizes the results of paper 
I and II on depositing uniform phase pure Sb2S3 thin films by USP at different deposition 
temperatures, and at different molar ratios of SbCl3 and thiourea (TU) in the solution. 
The second section summarizes the results of paper II on the photovoltaic performance 
of solar cells based on a Sb2S3 thin film grown by USP from a solution of SbCl3/TU = 1/3. 
The third section summarizes the results of paper III on the thermal analysis of SbEX as a 
possible halogenide-free precursor to deposit Sb2S3 thin films by USP. The fourth section 
summarizes the results of paper IV on the deposition of Sb2S3 thin films by USP from a 
solution of SbEX with TU or TA at different deposition temperatures. 

This thesis is directly related to the ongoing research projects in the Laboratory of Thin 
Film Chemical Technologies, which focus on the development of antimony chalcogenide 
thin films by chemical and physical processes for application in transparent, bifacial, and 
conventional thin film solar cells. The research in this thesis was funded by the Estonian 
Ministry of Education and Research project IUT19-4, the Estonian Research Council grant 
PRG627, the European Regional Development Fund project TK141 “Advanced materials 
and high-technology devices for energy recuperation systems”, the project 
“Development of Semi-Transparent Bifacial Thin Film Solar Cells for Innovative 
Applications” contract with the Research Council of Lithuania (LMTLT), No S-BMT-21-
1(LT08-2-LMT-K-01-003) financed by Iceland, Liechtenstein and Norway through the EEA 
Grants, and the European Council grant H2020 ERA Chair Emerging next generation 
photovoltaics, 5GSOLAR (2020–2026) Grant agreement ID: 952509. The research in this 
thesis was also partially supported by ASTRA “TUT Institutional Development Programme 
for 2016–2022” Graduate School of Functional Materials and Technologies. DoRa+ 1.1 
travel scholarships to international conferences were financed by the Archimedes 
Foundation. 
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Abbreviations, Terms and Symbols 
ALD Atomic layer deposition 
AM1.5G Air mass 1.5 global 
a-Si Amorphous silicon 
AVT Average visible transmittance 
BIPV Building integrated photovoltaics 
CBD Chemical bath deposition 
CIGS Cu(In,Ga)(S,Se)2 
c-Si Crystalline silicon 
CSS Close spaced sublimation 
CSP Chemical spray pyrolysis 
CZTS Cu2ZnSn(S,Se)4 
D Droplet diameter 
DSSC Dye sensitized solar cells 
EDX Energy dispersive X-ray spectroscopy 
Eg Band gap 
EQE External quantum efficiency 
ETL Electron transport layer 
f Frequency 
FF Fill factor 
FTIR Fourier transform infrared spectroscopy 
HTL Hole transport layer 
J–V Current density–voltage 
JSC Short circuit current density 
MAFAPBI (CH3NH3)1-x(NH2CHNH2)xPb(Br,I)3 
NZE Net zero carbon emissions 
NMR Nuclear magnetic resonance spectroscopy 
OPV Organic photovoltaics 
P3HT Poly(3-hexylthiophene-2,5-diyl) 
PCPDTBT poly(2,6-(4,4-bis-(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-

b´]dithiophene)-alt-4,7(2,1,3-benzothiadiazole) 
PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
PV Photovoltaic 
QD Quantum dot 
RS Series resistance 
RSH Shunt resistance 
SEM Scanning electron microscopy 
SbEX Antimony ethyl xanthate 
Spiro-OMeTAD 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-

spirobifluorene 
TA Thioacetamide 
TG/DTA-EGA-MS Thermogravimetry/differential thermal analysis-evolved gas 

analysis-mass spectrometry 
TCO Transparent conductive oxide 
TU Thiourea 
USP Ultrasonic chemical spray pyrolysis 
UV-VIS Ultraviolet-visible light 
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VOC Open-circuit voltage 
VTD Vapor transport deposition 
Wp Watt-peak 
XES Soft X-ray emission spectroscopy 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
α Light absorption coefficient 
γ Surface tension 
η Power conversion efficiency 
θ X-ray diffraction incidence angle 
ρ Volumetric mass density 
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1 Literature review 
This chapter presents an overview of the fundamentals of photovoltaics, established and 
emerging photovoltaic technologies. The materials properties, common thin film 
deposition methods and development of solar cells pertaining to antimony sulfide (Sb2S3) 
is presented. A more thorough discussion is presented on ultrasonic chemical spray 
pyrolysis (USP) as a deposition method, and the selection criteria of precursors for the 
preparation of Sb2S3 thin films by the USP method. Power conversion efficiency (η) of all 
solar cells is reported at air-mass 1.5 global (AM1.5G) conditions throughout the thesis, 
unless explicitly mentioned otherwise. 

1.1 Fundamentals of photovoltaics 
A photovoltaic cell, or solar cell, is the smallest independent building block of 
photovoltaic modules. The built-in electric field at the p-n-junction formed at the 
interface of a p-type and an n-type semiconductor separates photogenerated electrons 
and holes, generating photocurrent under illumination [11]. 

In heterojunction thin film solar cells, the p-type semiconductor is usually the absorber 
layer and the n-type semiconductor is the buffer layer [11], [12]. Commonly, absorber 
materials with a direct band gap of ≈1.0–2.0 eV, and an absorption coefficient (α) of  
104–105 cm-1 in visible light, are applied [11], [12]. The buffer is a generally a wide band 
gap n-type semiconductor that bridges the energy levels of the absorber and the n-type 
transparent conductive oxide (TCO) front contact [12], [13]. The buffer is also used to 
prevent shunting between the absorber and cathode, and to compensate for any 
potential mismatch in the crystal structure of the cathode and the absorber [12], [13]. 

Emerging heterojunction thin film solar cells often contain a p-i-n junction, where an 
intrinsic (i-type) absorber is sandwiched between the n-type buffer or electron transport 
layer (ETL) and the p-type hole transport layer (HTL). The benefit of a p-i-n vs p-n junction 
is that the depletion region is wider, which potentially increases the photon absorption 
yield, and that i-type absorbers can be used. 

1.2 Established photovoltaic technologies 
In this section, an overview is provided on established photovoltaic technologies. 

Photovoltaic installations are estimated to consist globally of 95 % crystalline silicon 
(c-Si) PV and 5 % thin film PV, i.e. a-Si (0.1 %), CIGS (1.1 %), and CdTe (3.8 %) modules [4]. 
Evidently, c-Si PV is expected to contribute the most to fulfilling NZE PV targets. Gallium 
arsenide (GaAs) is the most efficient PV technology in single junction or multi junction 
configuration [14], however, it is too expensive for terrestrial use at present. 

1.2.1 Silicon PV 
The current record power conversion efficiency (η) of silicon modules is 26.7 % at 
AM1.5G, held by n-type c-Si [4]. This η is ≈80 % of the Shockley-Queisser limit for single 
junction cells with Eg = 1.1 eV [15], [16]. Hence, η of c-Si PV will likely be remarkably 
increased only by constructing a two-cell tandem with a ≈1.7 eV top cell and c-Si bottom 
cell to overcome the single junction limit [17]. The concept has been proven by η = 29.2 % 
achieved with a perovskite/c-Si two terminal laboratory solar cell [14]. The main issue 
with the two-cell tandem is ensuring a competitive module price and that the top cell 
performs on par with the bottom cell for an expected lifetime of 20–30 years. 
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Power generation can also be boosted by constructing bifacial solar cells, wherein light 
is absorbed from the front and back of the solar cell to boost energy production by some 
20–30 % [18]–[20]. The record η of bifacial c-Si is 24.0 % [14]. Furthermore, reducing 
greenhouse gas emissions in the energy intensive c-Si processing life cycle is of critical 
importance for NZE [4], [21], as is consuming less silver (Ag) for contacts and less tin (Sn) 
for solder per module [22]. The aim to reduce the energy intensity of c-Si PV fabrication 
triggered the development of thin film PV [23]. 

1.2.2 Thin film PV 
The earliest thin film PV to be developed was amorphous silicon (a-Si), which has an 
Eg = 1.7 eV and a single junction cell record η = 10.2 % [14]. The prompt degradation of η 
of a-Si to less than 8 % in sunlight has motivated the development of double and triple 
junction a-Si devices and a-Si/c-Si devices [23]. 

CdTe has an Eg = 1.45 eV and a high absorption coefficient in visible light, which makes 
it a top contender for thin film PV applications, considering that η = 22.1 % (cell) and 
19.0 % (module) has been attained [4], [23]. Despite the accelerated growth of the 
installation capacity and recycling of CdTe PV in the United States [4], [24], Cd containing 
electrical goods are banned in Europe [25], as cadmium (Cd) and its compounds are listed 
as carcinogens [26]. The aversion to CdTe is potentially unfounded, as CdTe is reportedly 
100 times less toxic than elemental Cd [27], and is claimed to pose a negligible hazard 
throughout its life cycle [13]. 

Aside from the controversy on toxicity of CdTe, the availability of tellurium (Te) is 
limited. Te is a byproduct of copper mining at a primary supply of 490 t yr-1 of Te 
($55 kg-1) [22], [28]. As 40 % of Te is already used to produce CdTe PV [28], the maximum 
installation capacity of CdTe PV is estimated at ≈14 gigawatt-peak per year (GWp yr-1), 
based on the current 5.7 GWp yr-1 [4], by assuming a constant capacity of Te refining. 

CuInxGa1-xSySe2-y (CIGS) is popular for thin film PV due to a high absorption 
coefficient = 105 cm-1 in visible light and a tunable bandgap = 1.0–1.7 eV [29]. Although 
trailing in annual installation after CdTe PV, CIGS PV leads in efficiency, with η = 23.4% 
for Cd-free cell and η = 19.2 % for module [4]. 

The main concern with upscaling production of CIGS PV modules is the availability and 
price of high purity In (900 t yr-1; $400 kg-1), Ga (300 t yr-1; $570 kg-1), and, to a degree, 
Se (2900 t yr-1; $44 kg-1) [22], [28]. Thus, by replacing In and Ga in other applications, e.g. 
In2O3:Sn (ITO) coatings and GaN light emitting diodes [28], and by recycling nearly all of 
In and Ga, the maximum installation capacity of CIGS PV is estimated to be ≈31 GWp yr-1. 

Nowadays, the most efficient CdTe modules are fabricated in the front to back 
superstrate configuration (glass/TCO/MgZnO/CdSexTe1-x/2–8 µm CdTe/back 
reflector/metal) [12], [13]. State of the art CIGS modules are mostly fabricated in the 
opposite substrate configuration (glass/Mo/1–2.5 µm CIGS/Cd-free buffer/intrinsic 
ZnO/n-type ZnO/antireflect) [12], [30]. In either case, the layers are deposited from the 
most to the least heat tolerant by reducing the deposition and post-growth treatment 
temperature for every consecutive step. This allows to avoid uncontrolled diffusion of 
elements in bulk phase and provides control over intermixing at interfaces that can 
otherwise influence η [12], [13]. 

Regarding applications, c-Si, a-Si, CdTe, and CIGS modules are intentionally opaque to 
maximize photogenerated current and to minimize loss of η related to the bulk of the 
absorber [12], [13]. Accordingly, conventional PV is mostly installed onto opaque surfaces, 
e.g. solar fields [4], [31], and onto floors, walls and roofs as building attached PV [32]. 
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1.3 Emerging photovoltaic technologies 
Emerging PV encompasses prospective photovoltaic technologies that have yet to reach 
the market [14]. In case an emerging PV technology reaches maturity in terms of 
reasonable price per watt and module lifetime, solar fields similar to conventional PV 
could be built. The increasing demand for renewable PV energy to achieve NZE could also 
be partially met by combining conventional and emerging PV into bifacial and tandem 
solar cell PV arrays, as outlined in section 1.2.1. Emerging PV could thereby add value to 
industrial scale conventional PV installations as the semitransparent top cell in tandem 
solar cells in both single sided and bifacial configuration. 

However, ground PV installations compete for flat land with agriculture, forests, real 
estate development, and wildlife habitats [33]. Thus, the installation capacity of PV could 
be accelerated by utilizing the surface area on the outside of buildings, infrastructure, and 
vehicles. Conventional PV is opaque, and is therefore appropriate for nontransparent 
surfaces. Semitransparent emerging PV, however, could be applied on e.g. windows, 
skylights, transparent walls, and product integrated PV. 

Therefore, in search of novel ways to increase PV production capacity by inexpensive 
and environmentally sustainable means, this section reviews the status quo and 
potential applications of representative emerging photovoltaic technologies. Namely, 
kesterites, dye-sensitized solar cells, organic PV, quantum dot cells, perovskites, and 
select binary inorganic absorber thin film PV are discussed. In addition, the timeline of 
record laboratory scale emerging PV cells is presented in Figure 1.1. 

Emerging PV is often grouped according to historical trends, the choice of active layers 
(inorganic, organic, or hybrid; liquid or solid), and the morphology of layers in the solar 
cell. Structured solar cells incorporate meso- or nanoporous materials, or elongated 
nanostructures in one or more layers in the stack, mostly as a scaffold for the absorber 
[35]–[37]. Planar, or flat solar cells are composed of horizontally stacked thin films [5], 
[38], [39], mirroring the conventional CdTe and CIGS thin film PV structure. 

Kesterite, i.e. Cu2ZnSn(SySe1-y)4 (CZTS) PV development was started due to the limited 
availability of Ga, In, and Te for production of CIGS and CdTe, vide ante section 1.2.2, as 
Cu, Zn, Sn, and S are abundantly available at low cost as primary mining products [22], 
[28]. The record η = 12.6 % of kesterite PV was achieved in 2014 [40], whereas η obtained 
with cation-substituted CZTS derivatives has been lower thus far [41]. The lag in 
progression of η beyond the current level in kesterite solar cells has been attributed to 
band tailing and the open circuit voltage deficit that originates from uncontrollable 
detrimental deep-level defects in the absorber [41]. Currently, efforts are ongoing in 
dedicated worldwide research networks to overcome these issues. 

Dye-sensitized solar cells (DSSCs) pioneered the “third generation” of PV after c-Si and 
thin film PV [42], [43]. In a typical DSSC, a thin layer of an organic, mostly Ru-based, light 
absorbing dye is pasted onto a mesoporous TiO2 underlayer, and a redox electrolyte or 
an organic hole transport layer (HTL) between the dye and the back contact effectuates 
charge transport [43]. Since the advent of DSSC in 1991, the record η of DSSCs reached a 
plateau of ≈ 11 % in the late 1990s, and was improved to η = 13.1 % in 2018 (Figure 1.1) 
with the use of Cu-complex redox electrolytes [44]. The reliance on organic materials 
means that the dye, redox electrolyte, and organic HTL in DSSCs require protection via 
encapsulation against ultraviolet light, humidity, and overheating to preserve η over a 
reasonable module lifetime [45]–[47]. 
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Figure 1.1. Timeline of record emerging solar cell efficiencies. Modified from [34]. 

Organic photovoltaics (OPV) were created by replacing the absorber dye with a solid 
polymer. The record η of OPV has evolved from under 4 % in 2001 to 18.2 % in 2020 
(Figure 1.1). Flexible and ultralight OPV modules can be rapidly produced by inexpensive 
solution processing at mild temperatures [48], [49]. Similarly to DSSC, however, the 
organic components in OPV are also sensitive to moisture, UV, and elevated temperature 
[50]–[52]. The issues related to instability of OPV has resulted in area scaling lag of η [49]. 

The extreme dependence of η of OPV on light intensity has garnered interest in the 
field of light scavenging in low-light [53]. Further yet, the light absorption spectrum and 
visual transparency of OPV modules is modifiable at the cost of reduced η, as illustrated 
by transparent OPV with η = 10.8 % at an adjusted average visible transparency (AVT) of 
≈50 % [54], and infrared-active OPV with up to η = 9.8 % [55]. 

Perovskite solar cells were initially also based on DSSC, yet are closer to thin film PV. 
Perovskite PV is highly efficient and inexpensive to fabricate, being the most actively 
developed emerging PV technology on the verge of commercialization [35], [56].  
The record η of perovskite PV, at first with a liquid electrolyte, leaped from 3.8 % in 2009 
[57], to 25.6 % in 2021 [58], having undergone several transformations in the solar cell 
stack in the process [35]. Perovskites are grouped into mixed organic-inorganic, e.g. 
(CH3NH3)1-x(NH2CHNH2)xPb(Br,I)3 (MAFAPBI), inorganic metal chalcogenides-halides, and 
metal oxides [35], [56]. The facile tuning of the cation and anion in perovskites allows to 
tailor the structure and optoelectronic properties of the absorber, e.g. composition 
dependent band gap engineering [35], [56]. 

Metal halide perovskites tower over other perovskites in terms of the record η 
achieved, although the organic cations and halide anions in the perovskite lattice create 

 



17 

a considerable stability problem due to phase segregation induced by temperature, 
ultraviolet light and hygroscopicity [35]. Evidently, the deterioration of η over time must 
be addressed to commercialize perovskite PV. 

Although the highest η in perovskite PV has been consistently achieved with the use 
of lead (Pb) compounds [35], Pb compounds are banned in the European Union and other 
countries [25] due to neurotoxicity and bioaccumulation [59], [60]. Unlike CdTe, 
MAFAPBI compounds are unstable and water soluble, necessitating extremely strict 
measures and module encapsulation techniques [61], which dampens the positive 
aspects of perovskite PV. Replacing Pb with Sn, Bi, Sb or other metals in perovskite has 
resulted in increased stability, yet decreased η [35], [62]. According to life cycle analysis, 
the environmental impact of Pb-perovskite PV will depend on the scale of production 
and the thoroughness of the safety measures applied in the module’s life cycle [63]. 

Extremely thin inorganic absorber (ETA) solar cells are a combination of a mesoporous 
or nanowire core-shell scaffold with an ETA shell instead of a dye [10], [37], [64]–[66]. 
The motivation behind ETA solar cell research is that a 15–20 nm thick layer of a material 
with a high absorption coefficient can be applied to theoretically achieve η = 15% at 
negligible materials usage due to a geometrically enhanced interface area [67].  
The standing record η of ETA solar cells is 9.0 % in combination with a PbS quantum dot 
absorber [68]. 

Quantum dot (QD) PV is based on growing the absorber layer as an array of  
solution-deposited colloidal quantum dots onto flat or structured substrates [69], [70]. 
The main feature of QD cells is that by synthesizing absorber nanoparticles in the size 
range of the Bohr exciton radius, the absorption spectrum of the absorber can be freely 
tuned [69]. The record η of QD cells has increased from under 4 % in 2010 to 18.1 % in 
2020 (Figure 1.1), exemplifying the future perspective of this technology. 

Transitioning further toward conventional thin film PV, solar cells based on several metal 
chalcogenide absorbers other than CIGS and CdTe are being explored. A non-comprehensive 
list of representative elementary, and binary oxide, sulfide, and selenide absorbers with 
the corresponding solid state solar cell record η achieved before 2017 is as follows:  
Se (6.5 %) [71], Cu2O (8.1 %) [72], SnS (4.4 %) [73], Ag2S (3.2 %) [74], Sb2S3 (7.5 %) [6], 
Sb2Se3 (5.9 %) [75], and Bi2S3 (3.3 %) [76]. Judging by the absolute value and the relative 
increase in record η in the last decade, Sb2S3 and Sb2Se3 are considered among the most 
promising emerging chalcogenide absorber materials for further study. 

In addition, emerging ternary and quaternary inorganic PV absorbers are often 
combinations of the aforementioned elements or binary compounds, e.g. AxSby(S,Se)z,  
(A = Cu, Ag, Sn, Bi) [41]. Among ternary materials, a most prospective solar cell η = 10.5 % 
was achieved in 2020 by applying a hydrothermally grown planar Sb2(S,Se)3 thin film 
absorber [77]. Considering the appreciable η achieved in solar cells based on Sb2S3, and 
Sb2Se3 before 2017, (and later Sb2(S,Se)3), this class of metal chalcogenides will be 
scrutinized further in section 1.4. 

Currently, research in materials science and photovoltaics is application oriented. 
Thus, the development of materials generally culminates in the preparation of a device. 
The progressive scale-up and cost reduction of c-Si PV solar cells indicates that the 
perhaps the most rapid way to implement emerging PV is in combination with 
conventional PV as tandem solar cells. For example, two-cell tandem solar cells based on 
a combination of e.g. perovskite/c-Si and perovskite/CIGS, have yielded η = 29.2 %, and 
24.2 %, respectively [14]. Thus, the synergy between emerging and conventional PV in 
tandem devices could accelerate achieving NZE targets. 
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Semitransparent PV is one of the prospective applications for emerging PV that faces 
the least competition. In addition to η, semitransparent PV is assessed by the average 
visible transmittance (AVT), corresponding color temperature, and color rendering index 
[78]. The AVT is the average transmittance of the solar cell in the visible wavelength 
range, which has not yet been standardized, and it must be at least 20–30 % for solar 
cells to qualify as semitransparent [78]–[80]. 

Thus far, most studies on transparent PV have focused on improving η and AVT [80], 
[81], with fewer studies on color tuning [54]. Based on estimations made for transparent 
OPV, the module cost could be $0.47 Wp-1 at an energy payback time of 2–6 years [81]. 
OPV solar cells can be made color neutral, yielding η = 10.8 % with human eye adjusted 
AVT = 50 % in visible light [54]. Semitransparent halide perovskite PV has yielded 
η = 13 % with AVT = 26 % at 350–900 nm wavelength [82] Regarding module stability, 
semitransparent PV can be protected from humidity and atmospheric pollutants at little 
to no extra cost by filling the space between glass panes with inert gas and airtight 
sealing. As the described sequence is already a standard procedure in the window glass 
manufacturing industry, encapsulating semitransparent PV is likely not a major concern. 

1.4 Antimony based photovoltaic absorbers 
This section provides a more thorough overview of Sb2S3, Sb2Se3, and Sb2(S,Se)3 as some 
of the most prospective emerging absorber materials. Related ternary and quaternary 
compounds are also briefly discussed. 

1.4.1 Sb2S3, Sb2Se3, and Sb2(S,Se)3 
The absorber class encompassing Sb2S3, Sb2Se3, and Sb2(S,Se)3, has been investigated for 
PV applications during more a decade due to the isostructural single phase composition, 
and a high optical absorption coefficient of 105 cm-1 at 2.8 eV [83]. Moreover, the band 
gap can be tuned to 1.1–1.7 eV in bulk or as a gradient of film thickness by varying the 
proportion of S/Se in the material [5], [83]. The tailored band gap is useful for both 
Sb2S3/Sb2Se3 two-cell tandem [84], and Sb2S3, Sb2Se3, and Sb2(S,Se)3 based solar cells, [5], 
[83]. Furthermore, the high absorption coefficient allows to thin the absorber to α-1 
(≈100 nm) for transparent applications at a loss of ≈40 % of the theoretical maximum η 
[85]. 

The orthorhombic Pnma structure (Figure 1.2), composed of infinite quasi-1D 
[Sb4(S,Se)6]n ribbons, leads to anisotropic properties [86]–[88]. As Sb2S3, Sb2Se3, and the 
solid solution of Sb2(S,Se)3 are isostructural [89], their structural and optoelectronic 
properties are predictably similar. 
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Figure 1.2. Unit cell of Sb2S3. Drawn using VESTA [90] and data from [91]. 

The anisotropic structure of Sb2S3 is reportedly beneficial for PV applications as it 
influences the band position and formation of defects [5]. Moreover, the resistivity along 
ribbons was found to be 100 times smaller than across ribbons [92]. Furthermore, grain 
boundaries in Sb2Se3 were confirmed to be electrically benign based on first principles 
simulations, as the predominant surfaces were calculated to have low surface energy,  
no dangling bonds, and deep-level defect free band gaps [5], [93]. Aligning the crystallites 
and grains to minimize recombination in the bulk and the distance travelled by charge 
carriers, however, entails engineering of the crystal structure [93]. Ideally, preferred 
orientation is sought in the (211), (212), or (010) direction of the Pnma structure in 
relation to a flat horizontal substrate surface [93]. 

The development of solar cells based on Sb2S3 thin films was pioneered by Savadogo 
and Mandal in the early 1990s [94]–[96], wherein η = 5.5 % was achieved with a 
glass/ITO/Sb2S3/WO3/Pt thin film solar cell with a W-halogenide light source [96]. Over a 
decade later, research on Sb2S3 for PV applications was reinvigorated, mostly as a 
sensitizer for mesoporous and nanostructured TiO2 scaffolding similarly to DSSC, OPV 
and ETA cells, culminating in the standing record η = 7.5 % [6], [66], [97]–[100]. 

In addition, in 2021, it was confirmed by studying Sb2S3 films with S-rich and Sb-rich 
composition, grown by thermal co-evaporation, that this crystal structure can 
accommodate impurity atoms to a certain degree, and that preparing a S-rich atomic 
ratio of S/Sb increases η of solar cells (6.2 %) compared to an Sb-rich an atomic ratio of 
S/Sb (η = 5.0 %) due to beneficial defect engineering [101]. 

Furthermore, during aging, fresh surfaces of Sb2S3 (and Sb2Se3 [102]) are passivated 
by a few nm of natural oxide, which is claimed to be beneficial for PV, as it reportedly 
reduces surface recombination or the back contact barrier height at the absorber/HTL 
interface, thereby boosting FF, and η [66], [103]. Aside from oxidation, Sb2S3 is chemically 
stable toward moisture and UV-VIS irradiation, alkali and acids, except concentrated hot 
HCl [104], [105], which is a major advantage compared to organic materials and labile 
halide perovskites. The stability of Sb2S3 is accompanied by a prohibitively high resistivity 
of 104–108 Ω cm [106]–[109], and ultrafast intrinsic self-trapping of photogenerated 
charge carriers by lattice deformations, which was reported to set the open-circuit 
voltage (VOC) limit for Sb2S3 solar cells to ≈0.8 V, and maximum attainable η = 16 % [110].  
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The aforementioned issues have been identified as some of the main bottlenecks that 
need to be addressed to increase η of Sb2S3 solar cells closer to the Shockley-Queisser 
limit. 

As the absorber material itself is suitable for PV, some practical considerations have 
to be accounted for before committing to applying it for PV. For instance, the melting 
point of Sb2S3 = 546°C [104], and that of Sb2Se3 = 612°C [104], allows to recrystallize the 
Sb2S3 absorber at ≈300°C [5], [83], and Sb2Se3 at ≈400°C [83]. These temperatures are 
well below the softening point of float glass of 500–550°C [12], [13], which is a base 
requirement for developing inexpensive transparent PV or bifacial PV. Interestingly, 
crystallization is achievable at even lower temperatures, as in 2021, Sb2(S,Se)3 was 
crystallized at as low as 200°C [111], opening up possibilities for these materials in 
combination with a wide selection of flexible organic substrates. 

Furthermore, according to supply data from 2021, the annual supply of Sb ($8.8 kg-1, 
1.5⋅105 t yr-1) and S ($0.09 kg-1, 7.8⋅108 t yr-1) [28] as two affordable primary mining 
products is sufficient for producing PV modules in the GWp–TWp scale (66 t Sb2S3 yr-1 up 
to 6.6⋅104 t Sb2S3 yr-1, respectively), assuming an absorber thickness of 1 µm and a 
conservative module η = 5 %. 

Sb2S3 and Sb2Se3 become Sb-rich in elemental composition at a temperature above 
the respective crystallization point due to incongruent sublimation of S and Se [112], 
[113]. This results in the generation of point defects detrimental to solar cell η [6], [114]. 
Hence, S and Se content is often supplemented during deposition [9], [115], [116], or 
remediated in post-growth heat treatment with e.g. S, H2S, Se or H2Se [6], [117], [118]. 
In fact, the high partial pressure of S and Se presents an opportunity to in situ engineer 
the elemental composition of Sb2S3 and Sb2Se3 films during preparation. 

In terms of PV applications, Sb2Se3 and Sb2(S,Se)3 solar cells with η > 1 % first appeared 
in 2014 [119], [120]. Since then, η of solar cells has rapidly grown to 9.2 % for Sb2Se3 
[121], and to 10.5 % for Sb2(S,Se)3 [77], following numerous conceptual improvements, 
e.g. grain control and use of HTL [122], or favorable preferred orientation [123]. 
Theoretically, without considering defect-related losses, a 200 nm thick layer of Sb2S3 or 
Sb2Se3 would be sufficient to construct solar cells with η = 22 % or 28 %, respectively 
[124]. Therefore, once the challenge of defect engineering of the antimony chalcogenide 
series has been surmounted, η of Sb2S3, Sb2Se3, and Sb2(S,Se)3 solar cells comparable to 
that of conventional PV could likely be prepared. 

1.4.2 Ternary and quaternary Sb based absorbers 
In addition to Sb2(S,Se)3, other ternaries and some quaternaries based on Sb2S3 or Sb2Se3 
have been explored for PV applications partially based on the concepts developed in CIGS 
and CZTS studies. Currently, the record η of these thin film solar cells is as follows: 
CuSbSe2 (4.7 %), CuSbS2 (3.2 %), SbSI (3.1 %), Sb0.67Bi0.33SI (4.1 %) [41]. The future 
perspective of these ternary and quaternary materials is difficult to gauge, as 
understanding of even the binary compounds and Sb2(S,Se)3 is quite limited at present. 
Regarding Cu-Sb-compounds, the tendency for Cu to form several phases of Cu-Sb-S 
[125] could prove to be problematic, especially after heat treatment. In addition, Cu is 
known to diffuse in bulk phases at moderate temperatures, as observed in CIGS, CdTe 
[12], [13], and Sb2S3 [126]. Thus, at present, the Sb-chalcogenide-halides appear to be 
more advantageous for PV than the Cu-Sb-based compounds. 
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1.5 Solar cells based on Sb2S3 absorber 
Regarding Sb2S3, Sb2Se3, and Sb2(S,Se)3, in terms of fabrication of thin films and coatings, 
Sb2S3 is mostly grown by chemical methods, whereas Sb2Se3 is mostly grown by physical 
methods, and Sb2(S,Se)3 is prepared by both types of methods [5], [83], [114].  
The research group hosting this study had previous experience with the deposition of 
Sb2S3 by ultrasonic spray pyrolysis, which is a chemical method. Also, the record η of 
Sb2S3 solar cells was higher than for Sb2Se3 and Sb2(S,Se)3 solar cells at the start of 
research relevant to this thesis in Sept, 2017. Thus, a brief overview of representative 
solar cells based on Sb2S3 thin films grown onto planar and structured substrates is 
provided in this section. 

1.5.1 Structure of Sb2S3 solar cells 
The structure of the Sb2S3 solar cell stack has developed similarly to the trends in DSSC, 
CdTe and perovskite research. Therein, the solar cell stack is composed of a TCO front 
contact, an ETL, an absorber, a HTL, and a metal back contact. The stack is grown onto a 
transparent substrate starting from the front contact (superstrate type) or onto an 
optionally transparent substrate starting from the back contact (substrate type). 

Float glass is a standard substrate for PV because it is inexpensive, transparent and 
durable. Commonly, TCOs with a band gap of 3–4 eV, e.g. In2O3:Sn (ITO), SnO:F (FTO), or 
ZnO:Al (AZO), serve as the front electrode, or cathode (Figure 1.3) [127]. An n-type TiO2, 
CdS, ZnO, or SnO2 coating is used as the ETL due to passable alignment of the conduction 
band minima, a sufficient offset in the valence band maxima, and a tolerable lattice 
mismatch with Sb2S3 [127]. In some studies, the ETL is constructed as a bilayer [127], e.g. 
TiO2/In(OH,S) in FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/CuSCN:KSCN/Au [66], TiO2/CdS in 
FTO/TiO2/CdS/Sb2S3/spiro-OMeTAD/Au [128], or ZnO nanowire/TiO2 in FTO/ZnO 
nanowire/TiO2/Sb2S3/P3HT/Au [10], to reduce charge recombination at the ETL/Sb2S3 
interface. 

 

Figure 1.3. Energy level alignment of Sb2S3 with common cathodes, ETLs, HTLs, and anode metals. 
Modified from ref. [127] according to CC-BY 4.0 license permissions. 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) and spiro-OMeTAD (2,2′,7,7′-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene) represent the most common p-type organic 
semiconductors applied as the HTL. Both have a favorable band alignment with the 
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valence band maximum of Sb2S3, a large enough offset with the conduction band 
minimum of Sb2S3, and the capability to prevent short-circuiting at pinholes in the 
absorber by preventing the formation of shunts [5], [83], [127]. Inorganic metal oxides, 
e.g. NiOx in FTO/TiO2/Sb2S3/NiOx/Au [129], V2O5 in FTO/TiO2/Sb2S3/V2O5/Au [130], 
Sb2O3/CuSCN in FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/CuSCN:KSCN/Au [66], and hybrid 
combinations, e.g. Sb2O3/spiro-OMeTAD in FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/ 
Sb2O3/spiro-OMeTAD/Au [97], P3HT:NiOx in FTO/TiO2/mesoporous-TiO2/Sb2S3/ 
P3HT:NiOx/Ag [131], have also been applied to a comparable effect. 

The anode, or back contact metal is selected to align with the valence band maximum 
of the HTL. Direct contacting of the metal to the absorber is rarely applied because  
short-circuiting through pinholes in the absorber film between ETL and metal is likely to 
occur. Furthermore, inhomogeneous electrical contacting at the absorber/metal 
interface can cause interface recombination due to a reduced effective contact area.  
An offset of over ≈0.3 eV in the valence band maximum of the HTL and the work function 
of the metal, i.e. the back contact barrier height, has been calculated to considerably 
decrease the η of any chalcogenide solar cell [12]. Thus, metals with a high work function, 
e.g. Au, Ni, Pt, Ag, are used the most in Sb2S3 solar cells [5], [83], [127] to create a  
quasi-ohmic contact [132]. 

1.5.2 Development of Sb2S3 solar cells 
Sb2S3 thin film solar cells were first prepared in the early 1990s [94]–[96]. Afterwards, 
structured Sb2S3 solar cells were actively developed from late 2000s to mid–2010s. 
Reports on planar Sb2S3 solar cells started appearing in early 2010s, as focus gradually 
shifted from structured to planar Sb2S3 solar cell development. The main achievements 
for both types of solar cells are summarized in this section. An overview of thickness, 
grain size, S/Sb atomic ratio, and band gap for Sb2S3 coatings on planar and structured 
substrates, and the PV output parameters of corresponding solar cells that had been 
reported before the start of this study in Sept. 2017 is presented in Table 1.1. 

Structured solar cells 

In 2009, an ETA solar cell of FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/CuSCN:KSCN/Au with 
η = 3.4 % was prepared with Sb2S3 grown by chemical bath deposition (CBD) [66]. In 2010, 
an organic HTL, spiro-OMeTAD, was used for the first time in a Sb2S3 solar cell of 
FTO/mesoporous-TiO2/In(OH,S)/CBD-Sb2S3/spiro-OMeTAD/Au, yielding η = 3.1 % under 
W-halogen lamp illumination [97]. Applying P3HT as the HTL yielded η = 5.1 % in solar 
cells of FTO/mesoporous-TiO2/CBD-Sb2S3/P3HT/Au [133]. The increase in η was 
attributed to reduced interface recombination due to the smaller offset in valence band 
alignment of Sb2S3 with P3HT [133] compared to spiro-OMeTAD (Figure 1.3). 

In 2013, the first study on doping Sb2S3, with 5 mol% Ti, Zn, and Bi in an 
FTO/mesoporous-TiO2/MgO/BaTiO3/CBD-Sb2S3/CuSCN:KSCN/Au was reported [100]. 
Thereby, η was improved from 4.1 % without doping to 4.5 % with Zn doping, and 5.7 % 
with Ti doping, whereas Bi doping decreased η to 2.1 % [100]. 

In 2014, a CBD-grown Sb2S3 film grown on a mesoporous TiO2 scaffold was heat 
treated with H2S vapors by decomposing thioacetamide (TA), setting the standing record 
η = 7.5 % with a FTO/TiO2/mesoporous-TiO2/Sb2S3/PCPDTBT/PEDOT:PSS/Au solar cell 
(poly(2,6-(4,4-bis-(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-b´]dithiophene)-alt-4,7(2,1,3-
benzothiadiazole) – PCPDTBT; poly(3,4-ethylenedioxythiophene) polystyrene sulfonate – 
PEDOT:PSS) [6]. 
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In 2015, the effect of varying the ratio of thiourea (TU) to SbCl3 (SbCl3/TU) in solution 
was investigated in the first major spin coating study on Sb2S3 thin film solar cells of 
FTO/TiO2/mesoporous-TiO2/Sb2S3/PCPDTBT/PEDOT:PSS/Au, attaining η = 6.4 % [115]. 

In 2017, the group hosting this thesis applied a two-step procedure involving USP to 
grow a continuous coating of crystalline Sb2S3 onto TiO2-covered ZnO nanowires [10]. 
First, an amorphous Sb2S3 coating was deposited by USP. Second, the coating was 
crystallized at 300°C in N2, yielding η = 2.3 % in a FTO/ZnO nanowire/TiO2/Sb2S3/P3HT/Au 
ETA solar cell. 

In summary, studies on structured Sb2S3 solar cells have demonstrated that 
introducing inorganic and organic HTLs to the stack, doping or sulfurizing the absorber, 
and varying the molar ratio within the precursor solution resulted in increased η. 
Applying multi-step processing for preparing the absorber was standard procedure for 
CBD and spin coating due to the specifics of those methods, and proved viable for USP 
as well.  

Planar solar cells 

In 1994, a planar thin film solar cell of ITO/Sb2S3/WO3/Pt was prepared based on a  
3800 nm thick Sb2S3 film grown by CBD, yielding η = 5.5 % under illumination by a  
W-halogen light source from the semitransparent metal side [96]. In 2011, P3HT was 
applied for the first time in a planar Sb2S3 thin film solar cell of ITO/ZnO/Sb2S3/P3HT/Ag, 
yielding η = 2.4 % [134]. In 2013, P3HT and CuSCN were applied for the first time as HTL 
in planar TiO2/Sb2S3/HTL thin film solar cells of ITO/TiO2/Sb2S3/P3HT/Au [135], and 
FTO/TiO2/Sb2S3/CuSCN/Au [136], yielding η = 1.4 % and 3.3 %, respectively. 

The era of planar Sb2S3 thin film solar cell research began in earnest in 2014, when a 
planar FTO/TiO2/Sb2S3/P3HT/PEDOT:PSS/Au solar cell with η = 5.8 % was reported, and 
the superiority of ALD over aqueous CBD for growing Sb2S3 films was demonstrated [8]. 

In 2015, the effect of varying P3HT thickness and back contact transparency on the PV 
performance of planar ITO/TiO2/Sb2S3/P3HT/Ag solar cells was studied [137]. Therein, 
η = 4.1 % was achieved in a non-transparent cell with 26 nm thick P3HT and 85 nm thick 
Sb2S3 [137]. Based on EQE, short circuit current density (JSC) was slightly reduced in a 
transparent cell with a 15 nm thick Ag contact [137]. Incidentally, it was the first study 
reporting transparent Sb2S3 solar cells, although AVT of solar cells was not provided. Also 
in 2015, Sb2S3 films prepared by spin-coating were used for the first time in planar Sb2S3 
solar cells, yielding η = 2.3 % in a solar cell of FTO/TiO2/Sb2S3/P3HT/Au [138]. 

In 2016, phase pure separate crystalline Sb2S3 flakes (Eg = 1.65 eV) were prepared 
using single-step USP by the group hosting this thesis, yielding η = 1.9 % in a solar cell of 
ITO/TiO2/Sb2S3/P3HT/Au [9]. 

In 2017, a chemical approach was reported, wherein antimony butyldithiocarbamate 
(Sb(S2CN(C3H7)2)3) was used as a single source precursor for spin coating, followed by 
heat treatment at 300°C for only 2 min in N2 to form Sb2S3 films with mean lateral grain 
size of 12 µm and Eg = 1.65 eV [7]. The process yielded solar cells with η = 4.3 % vs 
η = 2.0 % for CBD-based counterparts [7]. Also in 2017, Sb2S3 films were prepared by 
rapid thermal evaporation, and were treated in Se atmosphere, yielding planar 
FTO/TiO2/Sb2S3/Au solar cells with η = 3.2 % (selenized) vs 2.5 % (pristine), respectively 
[139]. 

To summarize, studies on planar Sb2S3 thin film solar cells proved that inorganic and 
organic HTLs are viable; that the deposition process and choice of precursor affects the 
structure, morphology, and optoelectronic properties of Sb2S3 films and η of solar cells; 
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that semitransparent solar cells can be made; and that preparation of Sb2S3 films in a 
single step is plausible by USP, whereas ALD, CBD, and spin coating were demonstrated 
to require at least two processing steps. 

1.5.3 Further development of Sb2S3 solar cells 
Parallel to the progression of research in the thesis, several new concepts and 
approaches to enhance the photovoltaic performance of planar Sb2S3 solar cells have 
been published in 2017–2021. Studies published after Sept. 2017 were not taken into 
account when planning this study because the general outline was based on existing 
studies. As these studies were published in parallel to, or after papers I, II, III, and IV, a 
measure of overlap with recent publications was anticipated. 

In literature, doping of Sb2S3 films with ZnCl2 [140], alkali hydroxides [141], [142], Bi–I 
co-doping [143], and Se alloying [111] has been applied to enhance the majority charge 
carrier concentration and to increase mean lateral grain size of the absorber. Surface 
treatment of the ETL (TiO2 by CsCO3 [144], ZnCl2, ZnBr2, ZnI2 [145]; CdS by KOH [146]) and 
the absorber (Sb2S3 by SbCl3 [147]), has been applied to passivate interface defects, to 
increase continuity and lateral grain size of the absorber, and to improve the electronic 
properties of the ETL/absorber and the absorber HTL/interface. 

In addition, interfacial layers (ZnS between TiO2/Sb2S3 [148], [149]) or seed layers of 
Sb2S3 [150], [151] have been applied to modify the morphology, structure, and 
optoelectronic properties of Sb2S3 films. Furthermore, inorganic HTLs NiOx [129] and V2O5 
[130] have been applied in planar Sb2S3 solar cells, yielding η on par with organic HTL 
based Sb2S3 solar cells. NiOx, Cu2O and CuI have been proposed as prospective inorganic 
HTLs in a theoretical calculation study, with up to η = 22.8 % claimed achievable in an 
optimized ZnS/800 nm Sb2S3/Cu2O stack [151]. 

The aggregated data on the thickness, Eg, atomic ratio of S/Sb and lateral grain size of 
planar Sb2S3 thin films, and the relevant PV output parameters of representative Sb2S3 
solar cells is presented in section 1.5, Table 1.1. Concepts introduced in literature during 
this research are revisited in the future outlook on page 64. 

In summary, in 2017–2021, doping of the absorber, passivation of ETL/absorber and 
absorber/HTL interfaces, seed layers, and inorganic HTLs have been applied to increase 
η, and stability of η over time of mainly planar Sb2S3 solar cells. Although η has increased 
from 5.8 % in 2014 [8] to 7.1 % in 2020 [145], [147] for planar Sb2S3 solar cells, VOC has 
not improved significantly. Thus, strategies to overcome the VOC deficit of ≈600 mV [110], 
the main factor limiting η of Sb2S3 solar cells, have yet to be discovered. 
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Table 1.1. An overview of thickness, grain size, Sb–S elemental composition, and band gap of representative Sb2S3 coatings on a planar or structured ETL, and PV 
output parameters of corresponding solar cells, reported before Sept. 2017. The thickness of the Sb2S3 coating is presented for thin films on a planar substrate. 

Sb2S3 
growth 
method 

Solar cell structurea Sb2S3 VOC, 

mV 

JSC, 

mA cm-2 

FF, 

% 

η, 

% 

Area, 

cm2 

Year Ref. 

Thick- 

ness, nm 

Grain 

size, µm 

S/Sb, 

at%/at% 

Eg, 

eV 

CBD ITO/Sb2S3/WO3/Pt 3800 – – 1.74 770 11.3 63 5.5 0.09 1994 [96]

CBD FTO/mp-TiO2/In(OH,S)/ 

Sb2S3/Sb2O3/CuSCN:KSCN/
Au 

– – – 1.75 490 14.1 49 3.4 0.15 2009 [66]

CBD FTO/mp-TiO2/Sb2S3/ 

CuSCN:LiSCN/Au 

– – – – 560 11.6 58 3.7 0.54 2010 [99]

CBD FTO/mp-TiO2/In(OH,S)/ 

Sb2S3/spiro-OMeTAD/Au 

– – – 1.75 610 10.6 48 3.1 0.49 2010 [97]

CBD FTO/mp-TiO2/Sb2S3/ 

P3HT/Au 

– – – – 556 12.3 70 5.1 0.16 2010 [133]

CBD FTO/mp-TiO2/Sb2S3/ 

PCPDTBT/Au 

– – – – 616 15 66 6.2 0.096 2011 [152]

Thermal 
evapor. 

ITO/ZnO/Sb2S3/P3HT/Ag 210 – – 1.76 450 12.6 42 2.4 – 2011 [134]

CBD FTO/mp-TiO2/MgO/BaTiO3

/Sb2S3/CuSCN:KSCN/Au 
– – – 1.7 584 13.4 53 4.1 0.25 2012 [153]
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Sb2S3 
growth 
method 

Solar cell structurea Sb2S3 VOC, 

mV 

JSC, 

mA cm-2 

FF, 

% 

η, 

% 

Area, 

cm2 

Year Ref. 

Thick- 

ness, nm 

Grain 

size, µm 

S/Sb, 

at%/at% 

Eg, 

eV 

CBD FTO/mp-TiO2/Sb2S3/ 

P3HT:Au/Au 

– – – – 626 12.8 61 4.9 0.16 2012 [154]

CBD FTO/mp-TiO2/Sb2S3/ 

PCPDTBT–PCBM/Au 

– – – – 595 16.0 66 6.3 0.16 2012 [155]

CBD FTO/nw-TiO2/Sb2S3/ 

P3HT/PEDOT:PSS/Au 

– – – – 500 17.0 53 4.5 0.31 2012 [156]

CBD ITO/nf-TiO2/Sb2S3/Sb2O3/ 

P3HT/PEDOT:PSS/Ag 

– – – – 603 9.9 39 2.3 0.04 2013 [157]

CBD FTO/mp-TiO2/Sb2S3/ 

Polyaniline nanobelts/Pt 

– – – – 1100 6.9 50 3.8 0.12 2013 [158]

CBD FTO/mp-TiO2/MgO/BaTiO3

/Sb2S3:Ti/CuSCN:KSCN/Au 
– – – 1.7 607 16.5 57 5.7 0.25 2013 [100]

CBD ITO/TiO2/Sb2S3/P3HT/Au 200–250 – – 1.8 630 6.1 35 1.4 0.09 2013 [135]

CBD FTO/TiO2/Sb2S3/CuSCN/Au – – – 1.71 455 12.4 59 3.3 0.1 2013 [136]

CBD FTO/mp-TiO2/Sb2S3/P3HT/ 

PEDOT:PSS/Au 

– – – – 550 13.2 62 4.4 0.085 2014 [159]

CBD FTO/mp-TiO2/Sb2S3/ 

PCPDTBT/PEDOT:PSS/Au 

– – – – 711 16.1 65 7.5 0.16 2014 [6]
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Sb2S3 
growth 
method 

Solar cell structurea Sb2S3 VOC, 

mV 

JSC, 

mA cm-2 

FF, 

% 

η, 

% 

Area, 

cm2 

Year Ref. 

Thick- 

ness, nm 

Grain 

size, µm 

S/Sb, 

at%/at% 

Eg, 

eV 

Spin 
coating 

ITO/mp-TiO2/Sb2S3/ 

P3HT/Ag 

– – – – 680 9.5 52 3.4 – 2014 [160]

ALD FTO/TiO2/Sb2S3/ 

P3HT/PEDOT:PSS/Au 

90 – – 1.76 667 14.9 58 5.8 0.096 2014 [8]

CBD 90 – – 1.76 489 9.6 46 2.2 0.096 2014 [8]

CBD ITO/TiO2/Sb2S3/P3HT/Ag 155 – – 1.65 732 9.3 62 4.3 0.13 2015 [137]

CBD FTO/mp-TiO2/Sb2S3/ 

PCPDTBT/PEDOT:PSS/Au 

– – – – 548 13.9 68 5.1 0.096 2015 [161]

Spin 
coating 

FTO/mp-TiO2/Sb2S3/ 

PCPDTBT/PEDOT:PSS/Au 

– – 1.50 1.70 596 16.1 67 6.4 0.123 2015 [115]

Spin 
coating 

FTO/TiO2/Sb2S3/P3HT/Au – – – – 616 8.1 46 2.3 0.096 2015 [138]

USP ITO/TiO2/Sb2S3/P3HT/Au 150 0.85 1.53 1.6 618 6.0 51 1.9 0.017 
2016 [9]

635 5.0 42 1.3 1.0 

Thermal 
evapor. 

FTO/TiO2/Sb2S3/Au 650 0.5 – 1.69 570 10.2 55 3.2 0.09 2017 [139]

Spin 
coating 

FTO/TiO2/Sb2S3/ 

Spiro-OMeTAD/Au 

137 6 – 1.65 632 12.9 52 4.3 0.12 2017 [7]
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Sb2S3 
growth 
method 

Solar cell structurea Sb2S3 VOC, 

mV 

JSC, 

mA cm-2 

FF, 

% 

η, 

% 

Area, 

cm2 

Year Ref. 

Thick- 

ness, nm 

Grain 

size, µm 

S/Sb, 

at%/at% 

Eg, 

eV 

USP FTO/nw-ZnO/TiO2/Sb2S3/ 

P3HT/Au 

– – – 1.79 656 7.5 47 2.3 0.017 2017 [10]

Beginning of work related to the thesis in September, 2017 

Thermal 
evapor. 

FTO/TiO2/Sb2S3/ 

Spiro-OMeTAD/Ag 

300 – 1.43 1.69 620 10.7 56 3.8 0.1 2018 [163]

Spin 
coating 

FTO/TiO2/Sb2S3/NiOx/Au 100 – – 1.78 590 14.5 41 3.5 0.12 2018 [129]

Spin 
coating 

FTO/TiO2/Sb2S3/V2O5/Au 87 – – 1.65 590 15.3 53 4.8 0.12 2018 [130]

Spin 
coating 

FTO/TiO2/Sb2S3:Zn/ 

Spiro-OMeTAD/Au 

130 – 1.30 1.69 647 17.2 57 6.4 0.12 2018 [141]

Spin 
coating 

FTO/TiO2/Sb2S3:Cs/ 

Spiro-OMeTAD/Au 

120 – 1.36 1.68 690 17.3 55 6.6 0.12 2018 [140]

CBD FTO/TiO2/Sb2S3/ 

Spiro-OMeTAD/Au 

84 – – 1.65 690 13.4 50 4.6 0.12 2018 [194]

Spin 
coating 

FTO/TiO2/Sb2S3/ 

Spiro-OMeTAD/Au 

400 0.65 – 1.65 660 13.1 59 5.2 0.04 2019 [150]

CSS FTO/CdS/Sb2S3/C 600 0.3-1 1.53 1.71 660 13.0 45 3.8 0.08 2019 [170]
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Sb2S3 
growth 
method 

Solar cell structurea Sb2S3 VOC, 

mV 

JSC, 

mA cm-2 

FF, 

% 

η, 

% 

Area, 

cm2 

Year Ref. 

Thick- 

ness, nm 

Grain 

size, µm 

S/Sb, 

at%/at% 

Eg, 

eV 

USP ITO/TiO2/Sb2S3/P3HT/Au 100 10 1.5 1.65 693 13.8 58 5.5 0.017 2019 [II]

726 12.3 52 4.7 0.071 

682 14.5 33 3.2 0.88 

VTD ITO/CdS/Sb2S3/Au ≈1800 1–2 – 1.62 710 15.7 43 4.7 0.78 2020 [167]

Spin 
coating 

FTO/TiO2/ZnCl2/Sb2S3/ 

Spiro-OMeTAD/Au 

162 13 – - 650 17.7 62 7.1 0.1 2020 [145]

Spin 
coating 

FTO/TiO2/Sb2S3/SbCl3/ 

Spiro-OMeTAD/Au 

146 – – 1.71 720 17.2 57 7.1 0.1 2020 [147]

Hydro-
thermal 

FTO/CdS/Sb2S3/ 

Spiro-OMeTAD/Au 

300 1.5 – 1.71 707 15.2 56 6.0 0.089 2020 [207]

Thermal 
evapor. 

FTO/CdS/Sb2S3/ 

Spiro-OMeTAD/Au 

200 – 1.55 1.70 720 15.9 54 6.2 0.12 2021 [101]

1.28 1.70 680 15.4 48 5.0 

Hydro-
thermal 

FTO/TiO2/CdS:KOH/ 

Sb2S3/Spiro-OMeTAD/Au 

≈1000 0.09 1.24 1.76 748 15.3 57 6.5 – 2021 [146]

ALD FTO/TiO2/ZnS/Sb2S3

/P3HT/PEDOT:PSS/Au 

75 – – – 626 15.7 52 5.1 0.12 2021 [149]

amp – mesoporous; nw – nanowire; nf – nanofiber; PCBM – [6,6]-phenyl-C61-butyric acid methyl ester. 



 

30 

1.6 Deposition methods for Sb2S3 thin films 
In this section, the physical and chemical deposition methods used to prepare Sb2S3 thin 
films are briefly reviewed with a focus on chemical methods. Power conversion efficiency 
of respective Sb2S3 thin film solar cells is mentioned where available. Detailed 
information on the phase composition, film thickness, lateral grain size, and band gap of 
representative Sb2S3 thin films, grown by chemical and physical deposition methods, and 
the photovoltaic performance parameters of corresponding solar cells is presented in 
section 1.5, Table 1.1. 

1.6.1 Physical methods 
Sb2S3 thin films with a thickness of 200–1800 nm, grain size = 0.3–1 µm, S/Sb = 1.3–1.6, 
and Eg = 1.7 eV (see section 1.5, Table 1.1) have been prepared by physical methods such 
as thermal evaporation [134], [162], [139], [163], magnetron sputtering [164], [165], 
vapor transport deposition (VTD) [166]–[168], and close spaced sublimation (CSS) [169], 
[170]. 

The high vapor pressure and incongruent volatilization of Sb2S3 [105], [112], [112], 
[171], [172], complicate processing of Sb2S3 by physical methods. Consequently, taking 
into account the S partial pressure during thermal co-evaporation of Sb2S3 films from 
Sb2S3 and S as precursors allowed to engineer S/Sb and deep-level defects, yielding 
η = 6.2 % in a planar solar cell [101]. 

1.6.2 Chemical methods 
Before the start of this study in September 2017, Sb2S3 coatings had been fabricated 
mainly by the following chemical methods: chemical bath deposition [8], [98], [100], 
[115], [156], [173]–[176], atomic layer deposition [8], [177]–[179], spin coating [115], 
[180], [181], [138], [7], hydro- and solvothermal deposition [106], [182]–[184], and 
chemical spray pyrolysis (CSP) [185]–[190]. 

Chemical bath deposition (CBD) is the most widely used method for preparing Sb2S3 
coatings. According to queries conducted on the Web of Knowledge, Scopus and IEEE 
search engines, there are over 100 published papers on the topic. In CBD, a chemical 
precipitation reaction is used at a controlled temperature in a stirred solution to deposit 
metal chalcogenide films. Sb2S3 films are grown in CBD via precipitation of Sb3+ and S2- 
from dissolved chemicals as Sb2S3. The deposition of Sb2S3 films by CBD is possible due to 
the extremely small solubility constant of Sb2S3 in most solvents [104], [105], [191]. 

In terms of features, CBD provides facile process control via temperature, precursor 
concentration and solution pH, as well as inexpensive low maintenance equipment [8], 
[115]. Thus, studying CBD-grown Sb2S3 films has been historically popular (see section 
1.5, Table 1.1). 

In CBD, SbCl3 is the most common source of Sb3+ for growing Sb2S3 films. Na2S2O3 [100], 
[156], [173]–[175], and complexes of SbCl3 with thiourea (TU) [115], e.g. Sb(TU)2Cl3 [115], 
[192] or Sb(TU)3Cl3 [193] have been used in acidic conditions. Complexes of SbCl3 with 
thioacetamide (TA) [98], [174], e.g. Sb(TA)3Cl3 have been mainly used in basic conditions. 
In some instances, complexation via potassium antimony tartrate K2Sb2(C4H2O6)2 [175], 
[176] has been applied. 

In CBD, Sb-based coordination complexes are prone to hydrolyze into Sb2O3, SbOCl, 
Sb(OH)3, and Sb2(SO4)3 during deposition in aqueous solutions, which contaminates the 
bulk of the deposited Sb2S3 film and has been proven to be detrimental to η of solar cells 
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[8], [116], [194]. Thus, post-growth sulfurization via e.g. H2S [6], or adding phosphotungstic 
acid (H3PW12O40⋅nH2O) [194] to the CBD solution has been applied to counteract 
oxidation within the bulk of CBD-grown Sb2S3 films. Oxidation of a few nm of the surface 
of Sb2S3 after crystallization has, however, been reported to passivate surface defects, 
which in turn increased η of solar cells [66], [103]. 

Sb2S3 films have been prepared by CBD on planar SnO2 at room temperature from an 
aqueous solution of K2Sb2(C4H2O6)2, NH4OH, TA, and triethanolamine (N(C2H5OH)3) [94]. 
After heat treatment at 300°C in N2 for 1 h, crystalline n-type Sb2S3 films with Eg = 1.74, 
lateral grain size = 0.8 µm, and ρ = 5⋅106 Ω cm were obtained [94]. In another study, a 
complex of SbCl3 with Na2S2O3 dissolved in acetic acid and water yielded Sb2S3 films on 
planar SnO2 [195]. After heat treatment at 170°C in air for 6h, crystalline n-type Sb2S3 
films with Eg = 1.70 eV were obtained [195]. 

Notably, most later studies on CBD-grown Sb2S3 films applied these two deposition 
routes, whereas heat treatment for crystallization has been mainly done at 250–300°C in 
N2 or Ar for 30 min [107], [116], [137], [174]. Furthermore, Sb2S3 films grown via CBD 
from SbCl3 and Na2S2O3 have been reported to crystallize via the formation of metallic Sb 
and Sb2O3 as intermediate phases, as recorded by in situ XRD and Raman measurements 
[116]. As for solar cell achievements, the record η is 7.5 % for structured [6], and 4.6 % 
for planar solar cells based on CBD-grown Sb2S3 thin films [194]. 

A concern for large scale production of Sb2S3 films by CBD is that the processing time 
is generally in hours or days. Furthermore, as deposition temperature during CBD is 
generally below 100°C, amorphous Sb2S3 is produced. Thus, heat treatment as a second 
step is required to crystallize the Sb2S3 films. Moreover, applying CBD to grow Sb2S3 thin 
films on a large scale would require batch processing, and implementation of recycling 
for the spent feedstock. 

Atomic layer deposition (ALD) is the method of choice to produce the most pristine 
chemical composition of Sb2S3 thin films or other morphologies, independent of the 
substrate morphology [8], [148], [177]–[179], [196]. Conventional temporal ALD of metal 
sulfide films entails repeated pulsing, decomposition, and purging of gases at low 
pressure in an inert gas until a film with the desired thickness has grown. Usually,  
ALD-grown crystalline Sb2S3 films are prepared by first depositing an amorphous film of 
Sb2S3 by ALD, followed by purification and crystallization in an inert gas at ≈300°C [8], 
[148], [177]. 

Precursors used in ALD must be volatile, reactive, and decompose at a suitable 
temperature, which limits the range of Sb-based precursors available for use. 
Furthermore, ensuring a sufficient purge time results in a modest deposition rate of ≈6 
nm h-1 for Sb2S3 films [8]. However, ALD is superior compared to other chemical 
deposition methods because the consumption of precursor chemicals is minimal and no 
solvent is required. 

Until now, only tris-dimethylamido antimony Sb(N(CH3)2)3 and H2S, which are 
sufficiently volatile, thermally stable, and reactive, have been used for depositing Sb2S3 
thin films and coatings by ALD [8], [148], [177]–[179], [196]. 

In a study comparing the growth of Sb2S3 films on a planar FTO/TiO2 substrate by ALD 
and CBD, it was found that ALD prevents oxidation and provides precise control over the 
thickness of the deposited film [8]. CBD, on the other end, resulted in heterogeneous 
nucleation, less consistent film thickness, and inclusion of oxidized byproducts in the 
deposited film [8]. After heat treatment in an unspecified concentration of H2S gas  
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at 330°C for 30 min, the amorphous as-grown Sb2S3 films had crystallized, yielding 
Eg = 1.76 eV in either case, according to EQE [8]. 

The highest η for ALD-Sb2S3 based planar thin film solar cells is 5.8 %, obtained at an 
Sb2S3 thickness of 90 nm [8]. In 2020, the first report was published on complete 
semitransparent planar solar cells based on Sb2S3 films grown by ALD [197]. Therein, 
η = 3.4 % and AVT = 13 % was achieved [197], proving that ALD-grown Sb2S3 films are 
suitable for semitransparent PV. 

In terms of limitations, temporal ALD is by design a batch process. The limiting factors 
of temporal ALD, i.e. slow deposition rate, batch processing, and the need for vacuum, 
have been addressed by the development of the atmospheric pressure spatial ALD and 
its variants [198]–[201]. Thus, spatial ALD can be considered one of the most prospective 
deposition methods for rapid preparation of uniform phase pure Sb2S3 thin films on large 
area substrates at reasonable cost. 

Spin coating is a rapid wet chemical deposition method for preparation of inorganic 
and organic films. Spin coating is performed, often at room temperature, by spreading a 
colloidal suspension or a solution over a substrate, which is spun during or after 
dispensing the solution while the solvent evaporates [202]. The centrifugal acceleration 
generated by spinning expels the leftover solution from the substrate, yielding a solid 
layer [202]. Film uniformity and thickness is controlled via precursor concentration, 
solvent evaporation rate, angular velocity, and solvent–substrate wettability [202]. 

Depositing Sb2S3 thin films by spin coating requires a two-stage process, wherein the 
precursor solution is spin coated onto the substrate, and then heat treated in one or 
more steps in air [138] or primarily in an inert atmosphere to decompose the precursor 
film into Sb2S3 and to crystallize the Sb2S3 film [140], [141]. In some studies, the 
preparation sequence has been repeated a number of times to obtain a thicker film 
[138]. As one sequence can be completed in a few minutes per sample, spin coating is 
advantageous for rapid preparation of films on cm2 size substrates. 

Some precursor solutions used for spin coating of Sb2S3 films are similar to those used 
in CBD, i.e. SbCl3 with TU [115], [180], [181], [140], [203], or TA [138], dissolved in organic 
solvents. A recently popularized group of single-source precursors for spin coating Sb2S3 
films is the halogenide-free series of Sb-alkyldithiolates: Sb-diethyldithiocarbamate 
Sb(S2CN(C2H5)2)3 [129], [130], [141], Sb-dibutyldithiocarbamate Sb(S2CN(C4H9)2)3 [7], 
[203], [204], and Sb-ethyldithiocarbonate Sb(S2COC2H5)3 (SbEX) [205], which are 
dissolved in organic solvents, e.g. dimethylformamide ((CH3)2NC(O)H), 2-methoxyethanol 
(CH3OC2H4OH), dimethylsulfoxide ((CH3)2SO), or ethanol (C2H5OH). 

Crystalline Sb2S3 thin films, oxide-free according to X-ray photoelectron spectroscopy 
(XPS), although Eg and S/Sb were not reported, have been grown by repeating the cycle 
of spin coating Sb(TA)2Cl3 dissolved in dimethylformamide, followed by heat treatment 
at 120°C in air, and 300°C in N2 for 20 min [138]. In addition, 137 nm thick crystalline 
Sb2S3 films with mean lateral grain size = 6 µm, and Eg = 1.65 eV, have been deposited by 
spin coating a solution of Sb-dibutyldithiocarbamate dissolved in ethanol, followed by 
heat treatment at 300°C in N2 for 2 min [7]. However, phase purity of these Sb2S3 films 
was verified only by XRD. Solar cells based on these Sb2S3 films yielded η = 4.3 % [7]. This 
was the record for planar solar cells based on Sb2S3 films grown by spin coating before 
the start of this thesis. 

The highest η of thin film solar cells based on a spin coated Sb2S3 absorber layer is 
7.1 % for planar [147], and 6.8 % for structured [142] configurations, respectively. More 
information on the absorber and solar cell can be found in section 1.5, Table 1.1. 
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The main challenge of spin coating is that films are often thinner at the edges than in 
the center due to centrifugal acceleration, and that up to 95–98 % of the solution is 
discarded from the substrate during processing [206]. Furthermore, spin coating is by 
design a batch process that requires post-growth heat treatment to prepare metal oxide 
and metal sulfide thin films. 

Hydro- and solvothermal synthesis has also been used to fabricate Sb2S3 coatings.  
The process is largely similar to CBD in most aspects. The deposition procedure differs 
from CBD by the fact that overpressure of several atmospheres, higher temperature, and 
inert atmosphere is used in an autoclave filled with an aqueous or organic solution to 
increase the growth rate and chemical purity of the grown material. In addition, 
crystalline films can be grown in one step if the deposition temperature is higher than 
the crystallization temperature in the relevant medium. Also, overpressure allows to shift 
gases to liquid or solid state during deposition, and to form metastable phases. 

The reagents used in hydrothermal synthesis of Sb2S3 thin films, structures and layers 
are SbCl3 or potassium antimony tartrate with Na2S2O3 [106], [207]. In solvothermal 
synthesis, antimony dithiocarbamates, dithiocarbonates, and dithiophosphates [182], 
[183], including SbEX [184], have been used. 

Sb2S3 thin films had been prepared in few papers by hydro- or solvothermal synthesis 
before the start of this thesis. Sb2S3 thin films with Eg = 1.7 eV have been hydrothermally 
grown onto TiO2-covered Ti nanotube arrays from a solution of SbCl3 and Na2S dissolved 
in ethanol–water after 8 h at 180°C [208]. In another paper, amorphous 680 nm thick 
Sb2S3 films were grown hydrothermally from a solution of KSbC4H4O7 and Na2S2O3 onto 
planar ITO-covered glass substrates after 8h at 150°C [106]. After heat treatment at 
450°C in Ar for 1 h, crystalline p-type Sb2S3 films with Eg = 1.63 eV, oxide-free surface per 
XPS, S/Sb = 1.44, and ρ = 1.3⋅104 Ωcm were obtained [106]. 

The highest η of thin film solar cells based on a hydrothermally grown Sb2S3 absorber 
layer is 6.5 % for planar [146], and 4.7 % for structured configurations [209], respectively, 
as of 2021. Moreover, in another study, η was increased from 6.0 % to 10.0 % by 
hydrothermally depositing a thin film of Sb2S2.13Se0.87 with Eg = 1.49 eV, and by optimizing 
its heat treatment temperature [207]. The appreciable increase of η indicates that 
introducing Se into Sb2S3 is a prospective procedure for PV applications. 

Applying an overpressure of several atmospheres requires thick walled high pressure 
autoclaves and corresponding safety features, which is bound to be more expensive 
compared to the simple setup of CBD. Furthermore, hydro- and solvothermal synthesis 
is limited to batch processing by design. Although, the extendable reactor length could 
partially compensate for it. However, similarly to CBD, recycling or disposal of the spent 
feedstock is required. 

Chemical spray pyrolysis (CSP) is a simple and robust wet chemical method that is used 
to deposit thin films and other morphologies of metal oxides and sulfides [210]. In CSP, 
the precursor solution is nebulized into an aerosol and is conveyed by a carrier gas stream 
onto the substrate on a heated plate where the droplets dry and thermally decompose 
into a film [210]. 

CSP can be used to prepare single or multi-layered metal chalcogenide thin films with 
a graded composition on large areas in air in a continuous process [210]. CSP allows to 
control the structure, morphology and optoelectronic properties of the deposited thin 
films by deposition temperature, choice of solvent, composition and concentration of 
the precursors, gas flow rate, nozzle distance, and droplet size [210], [211]. CSP can be 
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divided into three subclasses based on the nebulization technique: pneumatic, 
electrostatic, and ultrasonic [211]. 

Ultrasonic nebulization is performed by oscillating an electromechanical device at high 
frequency that shears the tips of capillary surface waves into droplets [212].  
The drawback is that only Newtonian liquids with low viscosity can be nebulized into 
droplets when passing over the vibrating surface [211]. Therefore, solutions based on 
fluid organic solvents are the most suitable for producing the smallest droplet size by 
ultrasonic spray pyrolysis (USP). 

In case of USP, droplets are produced only if enough power is produced at the 
ultrasonic frequency to overcome the viscosity and surface tension of the spray solution 
[213]. Furthermore, the mean droplet size depends on the frequency of the oscillator 
and the surface tension of the solution by the following empirical equation [212]: 

𝐷𝐷 = 0.34 ∙ �8𝜋𝜋𝜋𝜋
𝜌𝜌𝑓𝑓2

�
1/3

 (1),  

where D is the mean droplet diameter, γ is the liquid’s surface tension vs air, ρ is the 
density of the solution, and f is the ultrasonic frequency. Evidently, at isothermal 
conditions, D is a function of the frequency at a power = -2/3. For instance, in order to 
nebulize droplets of methanol (γ = 0.02217 N m-1 at 25°C; ρ = 791.4 kg m-3 at 20°C [191]) 
with a mean diameter = 10 µm, f = 5 MHz is required. 

The preparation of Sb2S3 coatings and corresponding solar cells by pneumatic CSP, and 
USP, and the selection of precursors are presented in sections 1.7.1, 1.7.2, and 1.7.3, 
respectively. 

In terms of challenges, application of CSP and USP depends significantly on the 
preparation of the spray solution, whereby a stable metal organic coordination complex 
is prepared as the precursor. Thus, process chemistry is an important aspect for 
preparing metal oxide and metal sulfide thin films by CSP and USP. Moreover, an additive 
that forms a liquid protective coating, e.g. TU, is required during deposition to prevent 
oxidation of the deposited metal sulfide thin film [9], [214]–[216]. 

Thus, tuning the composition of the spray solution is critically important for growing 
Sb2S3 thin films by CSP. To add, clogging of the nozzle by the precursor or solid byproducts 
during the CSP process has to be avoided. Thus, CSP as a method to grow Sb2S3 films from 
solutions of Sb and S containing metal organic coordination complexes is definitely viable 
for industrial production on the condition that these practical issues are addressed. 

1.7 Deposition of Sb2S3 thin films by spray pyrolysis 
In this section, the deposition of Sb2S3 thin films by pneumatic and ultrasonic spray 
pyrolysis is discussed. Furthermore, a guide for screening appropriate precursors to grow 
Sb2S3 thin films by USP is presented. 

1.7.1 Pneumatic spray pyrolysis 
Several reports appeared in the 1990s and early 2000s using primarily solutions of 
SbCl3/TU [185]–[187], or seldom SbCl3/TA [188], dissolved in acetic acid, or aqueous HCl 
to grow Sb2S3 films. However, the phase purity of these Sb2S3 films was not firmly 
established, and the morphology was either not investigated or the films were not 
homogeneous. 

In 2002, Sb2S3 thin films were grown by pneumatic CSP from an aqueous solution 
(SbCl3/TU/tartaric acid = 1/1.5/2.5) and a non-aqueous solution (SbCl3/TU = 1/1.5 
dissolved in acetic acid) at 300°C or 250°C, respectively, onto glass substrates [188]. 
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Therein, the films grown from the aqueous solution remained amorphous after heat 
treatment, whereas the films grown from the non-aqueous solution were crystalline 
(Eg = 1.8 eV) after deposition. In either case, the films were n-type, with ρ = 106–107 Ω cm, 
yielding up to η = 0.06 % at 80 mW cm-2 illumination with an unspecified light source in 
a photoelectrochemical cell of Sb2S3/0.5 M KI – 0.01 M I2/C. 

The surface topography of 634 nm thick possibly continuous Sb2S3 films with 
Eg = 1.78 eV and grain size = 620 nm was reported in 2014 by atomic force microscopy, 
yielding root mean square roughness > 50 nm [189]. Therein, the crystalline films were 
prepared, presumably in one step, at 197°C in air by pulsed pneumatic CSP from an 
aqueous solution of SbCl3/TU 1/1.5 acidified with HCl, and the phase purity was 
confirmed by XRD and Raman. 

In 2015, the group hosting this thesis proved by spraying an aqueous solution of 
SbCl3/TU/tartaric acid in molar ratios of 1/3/1 and 1/3/10 at 205–230°C and 205–355°C, 
respectively, that stabilization with tartaric acid, and the use of aqueous solutions is 
detrimental to phase purity and morphology of Sb2S3 films grown by pneumatic spray 
pyrolysis [216]. In the same study, the use of alcohols as solvent without tartaric acid 
yielded Sb2S3 thin films with vastly increased phase purity [216]. 

1.7.2 Ultrasonic spray pyrolysis 
There were no reports on USP-grown Sb2S3 coatings before 2016. In 2016 [9], the group 
hosting this study opted for ultrasonic nebulization of a solution of Sb(TU)3Cl3, (synthesis 
and phase according to ref. [193]) with optionally extra TU to suppress oxidation. This 
single step preparation yielded separate crystalline Sb2S3 grains (Eg = 1.6, S/Sb = 1.53) by 
spraying a solution of SbCl3/TU in a molar ratio of 1/6 at 250°C in air [9]. Thereby, the 
first (planar) solar cell of ITO/TiO2/Sb2S3/P3HT/Au based on a USP-grown Sb2S3 coating 
with η = 1.9 % was achieved [9]. Notably, no explanation was provided to relate these 
deposition conditions to the formation of separate grains instead of continuous films. 

In 2017, an ETA solar cell of ITO/ZnO-nanowire/TiO2/Sb2S3/P3HT/Au, with η = 2.3%, 
was also prepared by the group hosting this thesis [10]. The absorber was deposited by 
a two-step process. Accordingly, a uniform conformal amorphous Sb2S3 coating was 
deposited onto TiO2-coated ZnO nanowires at 220°C by USP in air from a SbCl3/TU = 1/3 
solution, followed by heat treatment in N2 at 300°C to crystallize the absorber layer [10]. 
Notably, the ≈10 nm thick absorber coating was not entirely phase pure, as it contained 
Sb2O3 according to Raman analysis [10]. 

1.7.3 Selection of precursors to deposit Sb2S3 thin films by USP 
In order to be useful for USP, the precursors must dissolve in the chosen organic solvent 
and yield a low-viscosity Newtonian solution. Furthermore, the precursor should be 
nonvolatile, stable in the spray solution, and decompose into a metal chalcogenide and 
volatile byproducts at a temperature below the deposition temperature [213]. In turn, 
the deposition temperature has to be low enough to prevent oxidation of the Sb2S3 film. 
It is known that Sb2S3 oxidizes readily above ≈200°C [171]. Increasing the deposition 
temperature any further in air requires an increasing concentration of the reducing agent 
[9], which becomes a source of contamination. Thus, the deposition of metal sulfide thin 
films by CSP requires a temporary protective coating on top of the growing film to 
suppress oxidation of the deposited film [9], [216]. Therefore, the precursors that had 
been used by chemical methods to produce Sb2S3 thin film solar cells with appreciable η 
were filtered according to these requirements of USP. 
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As aqueous solutions require buffers such as tartaric acid, which contaminate Sb2S3 
films, only Sb-based coordination complexes soluble in non-aqueous low-viscosity 
solvents are relevant. Hence, as Sb2S3 coatings with the most pure phase and elemental 
composition, and conformal morphology were prepared by spraying SbCl3/TU = 1/3–1/6 
dissolved in methanol [9], [10], this precursor–solvent combination is considered the 
most promising for further study. However, it is evident that only polar solvents and SbCl3 
based metal organic coordination complexes have been explored for use in CSP. 
Consequently, there is no frame of reference to claim that spraying SbCl3/TU dissolved 
in methanol is the only viable option. Furthermore, it is not known whether  
halogenide-free precursors dissolved in non-aqueous solvents could be used to deposit 
continuous phase pure Sb2S3 thin films in air. This study aims to address these questions. 

Among halogenide-free precursors, antimony dithiolates, especially dithiocarbonates 
(xanthates), and dithiocarbamates potentially fit the requirements of USP, vide ante. 
However, none of them have been used in spray pyrolysis before. To date, ultrasonic 
aerosol assisted chemical vapor deposition of Sb2S3 coatings from asymmetric 
dithiocarbamates in N2 [217], and a selection of xanthates, dithiocarbamates, and 
dithiophosphates, dissolved in toluene has been reported [183]. Although, only 
discontinuous layers of amorphous or crystalline Sb2S3 have been obtained. 

Accordingly, as SbEX is reported to have the lowest melting point of 68–70°C,  
the lowest decomposition end point of 200°C [183], and the second lowest carbon 
content (C/Sb = 9) among these antimony dithiolate precursors, it is the most likely to 
yield phase pure Sb2S3 thin films by USP at ≈200°C. Prior to this study, the thermal 
decomposition of SbEX had been determined by TG in air [218], N2 [183], [219], or Ar 
atmosphere [205], or by TG/DTA analysis combined with ex-situ evolved gas analysis 
[220], whereas intermediate solid decomposition product analysis had not been 
reported. It is important to consider that thermal analysis via TG/DTA, and even more so 
by TG alone, does not provide all the required information needed to validate a precursor 
for use by chemical methods, e.g. CSP. Thus, analysis of the phase composition of 
intermediate solid decomposition products, and evolved gases by in situ measurements 
is necessary to describe the thermal behavior of SbEX, and to provide proof of the 
chemical purity of the resultant solid phase. This study aims to provide such vital 
information for SbEX. 

To conclude, based on the requirements of ultrasonic spray pyrolysis, SbCl3 and TU 
dissolved in methanol, and SbEX dissolved in a compatible fluid organic solvent are the 
two most promising options to deposit uniform phase pure Sb2S3 thin films by USP.  
In addition, TG/DTA-EGA-MS and intermediate solid decomposition product analysis is a 
prerequisite to use SbEX as a precursor for USP. 
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1.8 Summary of the literature review and aim of the thesis 
Sb2S3 is attractive for PV because of its anisotropic quasi-1D structure, chemical stability, 
suitable optoelectronic properties (Eg = 1.7 eV, α = 105 cm-1 in visible range, anisotropic 
conductivity), and the availability of Sb and S as primary mining products for GWp–TWp 
scale annual production of solar cells. 

Before the start of this study, Sb2S3 thin films had been deposited by chemical 
methods such as CBD, spin coating, ALD, hydrothermal synthesis, and CSP. In terms of 
area-scalability and processing rate, USP is perhaps the most advantageous wet chemical 
method. However, a continuous uniform phase pure Sb2S3 thin film, which had had a 
critical role in achieving the record η = 5.8% in planar solar cells based on a Sb2S3 film 
grown by ALD [8], had not been prepared by pneumatic CSP or USP.  

Furthermore, deposition of Sb2S3 thin films, especially by CSP and USP, was relatively 
unexplored in terms of solvent and precursor composition, Sb/S source concentration, 
and heat treatment conditions. Thus, the effect of these parameters on the phase 
composition, structure, morphology, and optical properties of USP-grown Sb2S3 thin films 
has to be investigated as a basic requirement. 

Essentially, the approach to achieve continuous uniform phase pure Sb2S3 thin films 
by USP was designed according to the following existing knowledge: 

• A stable metal organic coordination complex precursor soluble in a fluid low 
surface tension solvent is required to generate a liquid aerosol by USP [211].  

• Furthermore, the precursor must decompose into Sb2S3 below the deposition 
temperature [213]. 

• In addition, an additive that forms a liquid protective coating, which repels 
oxidation of the Sb2S3 film during deposition, is likely required [9]. 

• Using aqueous solutions, and applying tartaric acid to stabilize the Sb(TU)3Cl3 
complex is detrimental, whereas using non-aqueous solvents is favorable to 
the phase purity of the deposited Sb2S3 thin films [216]. 

• Continuous phase pure Sb2S3 thin films could not be prepared in a single step 
on planar TiO2 from a methanolic solution of SbCl3/TU = 1/6 by USP at 250°C 
in air, as separate crystalline grains of phase pure Sb2S3 were formed [9]. 

• A structured substrate of ZnO/TiO2 nanowires was covered with a continuous 
shell of crystalline Sb2S3 by a two-step process. Therein, an amorphous Sb2S3 
coating was deposited from a methanolic solution of SbCl3/TU = 1/3 at 220°C 
in air, and thereafter crystallized in an inert atmosphere. However, the Sb2S3 
shell was not phase pure, as Sb2O3 had been detected [10]. 

• Employing a Sb-alkyldithiolate precursor had yielded continuous phase pure 
Sb2S3 thin films by spin-coating, resulting in solar cells with η = 4.3 % [7]. 
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Based on the literature review and the aforementioned gaps in knowledge, the 
hypothesis of this thesis is formulated as follows: 

1) The process to prepare phase pure polycrystalline Sb2S3 thin films, uniform in 
thickness and morphology, conforming to the planar polycrystalline ITO/TiO2 
substrate, by spraying SbCl3/TU solutions via USP is developed, thereby 
forming the basis to evaluate their applicability in planar thin film solar cells. 

2) The uniformity, conformal coverage of the planar polycrystalline ITO/TiO2 
substrate, and phase purity of the Sb2S3 thin films grown by USP from the 
SbCl3/TU solution enable application of these films as the absorber in planar 
solar cells that yield increased η compared to previous results on the 
condition that the thickness of the absorber film is optimized. 

3) The synthesis and analysis of the phase composition, structure, and thermal 
decomposition of the halogenide-free precursor (SbEX) determine its 
applicability for use as a precursor for depositing Sb2S3 thin films by USP. 

4) The process to prepare continuous, uniform in thickness, phase pure 
polycrystalline Sb2S3 thin films, which conform to the planar ITO/TiO2 
substrate, by USP from a solution of SbEX is developed. 

 
Accordingly, the aim of this thesis is to prepare uniform phase pure thin films of 

polycrystalline Sb2S3 by USP from a halogenide-containing, and a halogenide-free 
precursor solution, and to test a selection of these Sb2S3 thin films in planar solar cells. 

Thus, the following tasks are outlined to reach the aim of the thesis: 
1) To determine the preparation conditions that allow to deposit uniform 

continuous phase pure polycrystalline Sb2S3 thin films by USP from a SbCl3/TU 
solution on a planar ITO/TiO2 substrate. To characterize the phase 
composition, elemental composition, optical properties, and morphology of 
the deposited films. 

2) To prepare planar TiO2/Sb2S3/P3HT thin film solar cells based on a Sb2S3 thin 
film grown by USP from a SbCl3/TU solution. To characterize the PV output 
parameters of these solar cells as a function of the thickness of the absorber. 

3) To evaluate the applicability of SbEX as a prospective halogenide-free 
precursor for the deposition of Sb2S3 thin films by USP via thermal analysis in 
an inert and air atmosphere, and intermediate solid decomposition product 
analysis. 

4) To determine the preparation conditions to deposit uniform continuous 
phase pure thin films of polycrystalline Sb2S3 by USP from a solution of SbEX 
or SbEX/thioamide on a planar ITO/TiO2 substrate, and to characterize the 
phase composition, elemental composition, optical properties, and 
morphology of the deposited films. 
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2 Experimental 
In this chapter, the experimental methods applied in papers I, II, III, and IV for the 
preparation, characterization, and analysis of Sb2S3 thin films, the respective solar cells, 
and powders for thermal analysis, are summarized. 

2.1 Preparation of Sb2S3 thin films and solar cells 
All chemicals were used as-bought. Chemicals applied in papers I, II, III, and IV are listed 
with their purity and origin in Table 2.1. 

Table 2.1. List of chemicals used in this thesis. 

Name Linear formula Purity Supplier Paper 

Deionized water H2O 18.2 MΩcm-1 Made on site I, II, III, IV 

Sulfuric acid H2SO4 98 wt% Merck I, II 

Antimony 
trichloride 

SbCl3 99 wt% Sigma-Aldrich I, II, III 

99.999 wt% Sigma-Aldrich IV 

Methanol CH3OH 99.9 vol% Sigma-Aldrich I 

99.8 vol% Honeywell II 

Thiourea SC(NH2)2 99 wt% Sigma Aldrich I 

98 wt% Fluka II 

99 wt% Alfa Aesar IV 

Thioacetamide SC(NH2)(CH3) 99 wt% Merck IV 

Acetonitrile CH3CN 99.9 wt% Honeywell IV 

Ethanol C2H5OH 96.6 vol% Estonian Spirit I, II, IV 

Potassium ethyl 
xanthate 

KS2COC2H5 97 wt% Acros III, IV 

Acetone CH3COCH3 99.8 vol% Merck III, IV 

Titanium(IV) 
isopropoxide 

Ti(OC3H7)4 97 wt% Sigma-Aldrich I, II 

98 wt% Acros IV 

Diethyl ether (CH3CH2)2O 99.5 vol% Sigma-Aldrich III, IV 

Acetylacetone (CH3CO)2CH2 98 % Sigma-Aldrich I 

99 % Acros II, IV 

Chlorobenzene C6H5Cl 99.5 vol% Sigma-Aldrich II 

Poly(3-hexyl-
thiophene-2,5-diyl) 

(C10H14S)n 85–100kDa, 
>90 % 
regioregular 

Sigma-Aldrich II 
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The In2O3:Sn (ITO) covered 1 mm thick soda lime glass substrates (25 Ω sq-1, 150 nm ITO, 
papers I, II), (10 Ω sq-1, 230 nm ITO, paper IV) were cut to 25 mm by 15 mm rectangles 
and cleaned before use [I, II, IV]. The substrates were then coated with a thin film of 
anatase-TiO2 by USP from a solution of titanium (IV) isopropoxide and acetylacetone  
[I, II, IV]. The glass/ITO/TiO2 stack was used for further experiments. 

The USP setup is illustrated in Figure 2.1. Deionized cooling water was continuously 
pumped through the ultrasonic oscillator chamber. Waste heat generated by the 
oscillators was removed via an open loop shell and tube heat exchanger. The carrier gas 
flow rate was regulated via a motorized proportional-integral-derivative needle valve 
coupled with a pressure sensor. A proportional-integral-derivative temperature regulator 
was used to maintain a constant substrate temperature. 

 

Figure 2.1. Schematic of the ultrasonic spray pyrolysis setup. 

To start the deposition process, the precursor solution was poured into the nebulizer 
shell. Then, the clean dry substrates were placed on the preheated hot plate. After 
preparations had been finished, the ultrasonic oscillators were switched on. The ultrasonic 
waves traveled through the cooling water and the fluoropolymer membrane, nebulizing 
the precursor solution into a liquid aerosol. The fine mist was transported by the 
compressed air stream through the spray tube onto the heated substrates. The dispersed 
precursor decomposed on the surface of the heated substrate, thereby forming a thin 
film. Any gaseous products were ventilated via a fume hood. 

Sb2S3 thin films were deposited by USP onto the glass/ITO/TiO2 stack from a solution 
of 30 mM SbCl3, and SC(NH2)2 (TU) dissolved in methanol. Thereby, the Sb(TU)3Cl3 
complex was formed in solution (verified by comparing the XRD pattern of the powder 
obtained after vacuum drying the precursor solution to ref. [193]), at SbCl3/TU molar 
ratio = 1/3 [I]. In addition, drying the solution of SbCl3/TU in a molar ratio = 1/6 yielded 
Sb(TU)3Cl3 and free TU by XRD analysis. Based on preliminary experiments, the 
deposition time in paper I was set to 20 min for the SbCl3/TU = 1/3 solution, and to  
40 min for the SbCl3/TU = 1/6 solution to obtain a similar film thickness. The thickness of 
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Sb2S3 films was varied in paper II by changing the concentration of the precursor solution 
(30–90 mM) at a fixed molar ratio of SbCl3/TU = 1/3 and a constant deposition time.  
The flow rate of compressed air was 5 L min-1. The deposition temperature was 200°C, 
210°C, or 220°C. Afterwards, samples were heat treated in dynamic vacuum (≈5⋅10-4 Pa) 
at 170°C [I, II], 200°C [I], or 250°C [I] for 5 min at an average heating and cooling rate of 
8°C min-1. The stock solution of SbCl3 in methanol was prepared in a glove box pumped 
with 99.999 vol% N2, at O2 < 20 ppm, humidity < 14 ppm. 

The metal organic coordination complex precursor SbEX was synthesized according to 
the procedure described in paper III. Layers of Sb2S3 were deposited onto the 
glass/ITO/TiO2 stack from a solution of 60 mM SbEX dissolved in acetonitrile at a 
deposition temperature of 105°C, 135°C, or 165°C [IV]. Solutions of 60 mM SbEX/TU in a 
molar ratio of 1/1, and 1/3, and 60 mM SbEX/TA in a molar ratio of 1/3, and 1/10 were 
sprayed at a deposition temperature of 135°C, 165°C, or 215°C onto the glass/ITO/TiO2 
stack. The flow rate of compressed air was 5 L min-1. Thereafter, the samples were heat 
treated in dynamic vacuum (2⋅10-1 Pa) in a quartz tube at 225°C for 30 min at an average 
heating and cooling rate of 5°C min-1. 

For the preparation of solar cells, Sb2S3 thin films with a thickness of approximately 
30, 70, 100, and 150 nm were deposited by USP onto the glass/ITO/TiO2 stack in 20 min 
at a deposition temperature of 200°C by varying the concentration of the solution of 
SbCl3/TU at a constant molar ratio of 1/3 [II]. The flow rate of compressed air was 
5 L min-1. After deposition, samples were heat treated in dynamic vacuum (≈5⋅10-4 Pa) at 
170°C for 5 min. Then, a layer of P3HT was deposited onto the stack from a 2 wt% 
solution of P3HT in chlorobenzene, and the vacuum heat treatment was repeated.  
The solar cells were completed by thermally evaporating Au as back contact through a 
metal mask. The steps of the experimental procedure are illustrated in Figure 2.2. 

 

Figure 2.2. Schematic of the sequence of operations in the experimental procedure for depositing 
Sb2S3 films by ultrasonic spray pyrolysis from solutions based on SbCl3 or SbEX. Heat treatment:  
(A) 170°C, 5⋅10-4 Pa, 5 min; (B) 225°C, 2⋅10-1 Pa, 30 min. 
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2.2 Applied characterization methods 
Unless specified otherwise, any measurements were made at the Department of 
Materials and Environmental Technology, Tallinn University of Technology. The list of 
characterization methods used in this thesis is provided in Table 2.2. 

Table 2.2. List of characterized properties, applied methods and equipment. 

Object Characterized 
properties 

Method Equipment Paper 

Glass/ITO/TiO2/Sb2S3, 
various powders 

Phase composition, 
crystallite size 

XRD Rigaku Ultima IV I, II, 
III, IV 

Glass/ITO/TiO2/Sb2S3, 
various powders 

Phase composition FTIR Perkin Elmer GX 
2000, Bruker 
Alpha 

III, IV 

Glass/ITO/TiO2/Sb2S3, 
various powders 

Phase composition Raman Horiba LabRam 
HR800 

I, II, 
III, IV 

Glass/ITO/TiO2/Sb2S3 Electronic 
structure, chemical 
bonding  

XES SALSA 
endstationa 

II 

SbEX powder Molecular 
structure, phase 
composition 

NMR 800 MHz Bruker 
Avance IIIb 

III 

SbEX powder, TA 
powder 

Thermal analysis of 
precursor 

TG/DTA-
EGA-MS 

Setaram LabSys 
EVO, 
ThermoStar 
GSD320 

III, IV 

Glass/ITO/TiO2/Sb2S3 Transmittance, 
reflectance, band 
gap, absorption 
coefficient 

UV-VIS Jasco V-670 with 
integrating 
sphere vs air 

I, II, IV 

Glass/ITO/TiO2/Sb2S3 Elemental 
composition 

EDX Bruker ESPRIT 
1.8 

I, II, 
III, IV 

Glass/ITO/TiO2/Sb2S3 Morphology, film 
thickness 

SEM Zeiss Ultra 55 
FEG HR-SEM, 
Helios NanoLab 
600c, 
Merlin Gemini II 

I, II, 
III, IV 

Glass/ITO/TiO2/Sb2S3/ 
P3HT/Au 

Solar cell 
parameters 

J-V Newport Oriel 
Sol3A 

II 

Glass/ITO/TiO2/Sb2S3/ 
P3HT/Au 

Spectral quantum 
yield response, 
band gap, 
integrated JSC 

EQE Newport 69911, 
Newport 
Cornerstone 
260, Merlin lock-
in detector 

II 

aAdvanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA 
bNational Institute of Chemical Physics and Biophysics, Tallinn, Estonia 
cInstitute of Physics, Tartu University, Tartu, Estonia
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3 Results and discussion 
In this chapter, the results of this thesis are presented and discussed. This chapter is 
divided into four sections according to the topics published in papers I, II, III, and IV. 

3.1 Deposition of Sb2S3 thin films from SbCl3/TU solutions by ultrasonic 
spray pyrolysis 
Herein, the effect of deposition temperature, SbCl3/TU molar ratio, and heat treatment 
on the phase composition, structure, elemental composition, optical properties, and 
morphology of Sb2S3 thin films grown by USP from SbCl3/TU solutions was investigated. 
The results of this study are published in papers I and II. 

Sb2S3 thin films were deposited at 200°C, 210°C, and 220°C at SbCl3/TU molar ratios of 
1/3 and 1/6 onto planar glass/ITO/TiO2 substrates by USP. In addition, heat treatment in 
vacuum was applied after deposition to crystallize the Sb2S3 thin films. Heat treatment at 
200°C and 250°C in vacuum resulted in sublimation of Sb2S3 thin films [I]. Hence, heat 
treatment of Sb2S3 films was optimized to 170°C, ≈5⋅10-4 Pa, 5 min. The deposition 
conditions and sample names are presented in Table 3.1. 

Table 3.1. Labeling of Sb2S3 films grown by USP from SbCl3/TU solutions. Substrate: glass/ITO/TiO2. 
Heat treatment: 170°C, ≈5⋅10-4 Pa, 5 min. 

SbCl3/TU in solution Deposition 
temperature, °C 

Sample name 

As-grown Heat treated 

1/3 200 3-200 3-200-170 

 210 3-210 3-210-170 

220 3-220 3-220-170 

1/6 200 6-200 6-200-170 

210 6-210 6-210-170 

 220 6-220 6-220-170 

3.1.1 Phase composition and structure 
The phase composition of as-grown and post-growth heat treated films was studied by 
Raman spectroscopy and XRD. The relative intensity of the Raman bands of Sb2S3 
measured using a non-polarized laser source is not scrutinized in this thesis, as polarized 
Raman is required to obtain meaningful information [221]. 

Raman spectra of the films grown at 200°C (3-200; see paper I, Figure 1a) and 210°C 
(3-210; Figure 3.1a) contained a broad band centered at 290 cm-1 with a shoulder at 
340 cm-1, which is attributed to amorphous Sb2S3 [9], [116]. The band centered at 
145 cm-1 is attributed to TiO2 [9], [116]. Bands centered at 126, 155, 188, 237, 281, 301, 
and 310 cm-1 in the Raman spectrum of the sample (3-220) grown at 220°C matched 
orthorhombic Sb2S3, according to literature [9], [116], [189]. After post deposition heat 
treatment, the Raman spectra of samples 3-200-170 (see paper I, Figure 1a), 3-210-170 
and 3-220-170 (Figure 3.1a) also matched crystalline Sb2S3. 

The Raman spectrum of the as-grown film (6-200) deposited from SbCl3/TU = 1/6 
solution at 200°C matched amorphous Sb2S3 (Figure 3.1b), and bands attributed to 
crystalline Sb2S3 were detected in Raman spectra of the films grown at 210°C (6-210) and 
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220°C (6-220; see paper I, Figure 1b). The major difference compared to films grown from 
SbCl3/TU = 1/3 solution was that crystallization occurred at 210°C during deposition and 
the intensity of the TiO2 band was magnified in relation to the intensity of the Sb2S3 bands 
(Figure 3.1b). After heat treatment, only bands attributed to crystalline Sb2S3 were 
detected (6-200-170, 6-210-170). Notably, bands attributable to secondary phases were 
not detected by Raman in any of the studied samples, irrespective of the deposition 
conditions. 

 

Figure 3.1. (a) Raman spectra of Sb2S3 thin films, (a) grown from SbCl3/TU = 1/3 solution at a 
deposition temperature of 210°C and 220°C, or (b) from SbCl3/TU = 1/6 solution at a deposition 
temperature of 200°C and 210°C, as-grown and after heat treatment. Substrate: glass/ITO/TiO2. 
Post deposition heat treatment: 170°C, ≈5⋅10-4 Pa, 5 min. 

According to XRD, there were no crystalline Sb-phases in the as-grown films deposited at 
200°C (3-200; see paper I, Figure 2a) and 210°C (3-210; Figure 3.2a) from SbCl3/TU = 1/3 
solution. After heat treatment of these samples in vacuum at 170°C, reflections 
attributed to crystalline Sb2S3 (ICDD 01-075-4012) were detected (3-200-170, paper I, 
Figure 2; 3-210-170, Figure 3.2a). Crystalline Sb2S3 was also detected in the thin film 
grown at 220°C (Figure 3.2a), both before (3-220) and after heat treatment (3-220-170), 
indicating that Sb2S3 crystallized during deposition. 

Secondary phases were not detected by XRD in any of the analyzed samples.  
The relative intensity of reflections attributed to Sb2S3 in these samples was similar to 
the ratio in the ICDD 01-075-4012 powder reference file. As the deposition temperature 
was increased from 200°C to 220°C, mean crystallite size calculated from the full width 
at half maximum of the reflection of the (2 0 2) crystallographic plane increased in the 
heat treated films from 19 nm to 100 nm (see paper I, Table 2). 
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Figure 3.2. XRD patterns of as-grown and heat treated Sb2S3 thin films grown from (a) 
SbCl3/TU = 1/3 solution at a deposition temperature of 210°C and 220°C, or from (b) SbCl3/TU = 1/6 
solution at a deposition temperature of 200°C and 210°C. Substrate: glass/ITO/TiO2. Post deposition 
heat treatment: 170°C, ≈5⋅10-4 Pa, 5 min. 

The as-grown film deposited at 200°C (6-200; Figure 3.2b) from SbCl3/TU = 1/6 solution 
did not contain any crystalline Sb-containing phases, whereas the heat treated film 
(6-200-170; Figure 3.2b) was composed of crystalline Sb2S3, according to XRD. As-grown 
and heat treated films deposited at 210°C (6-210 & 6-210-170 in Figure 3.2b) and 220°C 
(6-220 & 6-220-170 in paper I, Figure 2b), contained crystalline Sb2S3, based on XRD, 
indicating crystallization during deposition. Secondary phases were not detected by XRD 
in any of these samples. Mean crystallite size in heat treated Sb2S3 films, calculated from 
the reflection of the (2 0 2) crystallographic plane, increased from 37 nm to 49 nm (see 
paper I, Table 2) as the deposition temperature was increased from 200°C to 220°C. 

Table 3.2. Phase composition by XRD and Raman, S/Sb calculated from EDX, and Eg calculated from 
UV-VIS of Sb2S3 thin films deposited by USP from SbCl3/TU 1/3 and 1/6 solutions. 

SbCl3/TU 
in soln. 

Dep. 
temp., 
°C 

Phase composition of 
as-deposited filmsa 

S/Sb, 

at%/at% 

Eg, 

eV 

XRD Raman As-dep. Heat 
treated 

As-dep. Heat 
treated 

1/3 200 Amorph. a-Sb2S3 1.3 1.3 2.6 1.8 

210 Amorph. a-Sb2S3 1.3 1.3 2.7 1.8 

220 c-Sb2S3 c-Sb2S3 1.5 1.5 1.8 1.8 

1/6 200 Amorph. a-Sb2S3 1.6 1.6 2.7 1.8 

210 c-Sb2S3 c-Sb2S3 1.5 1.6 1.8 1.8 

220 c-Sb2S3 c-Sb2S3 1.5 1.5 1.8 1.8 
aa-Sb2S3 – amorphous Sb2S3; c-Sb2S3 – crystalline Sb2S3. 
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According to Raman and XRD, as SbCl3/TU in solution was increased from 1/3 to 1/6, 
crystalline Sb2S3 thin films were obtained at 220°C and 210°C, respectively. In a previous 
paper [9], Sb2S3 thin films grown at 250°C from a 15 mM SbCl3/TU = 1/3 solution were 
amorphous–crystalline, whereas using SbCl3/TU = 1/6 yielded separate grains of 
crystalline Sb2S3. Hence, increasing the concentration of TU vs SbCl3 in solution likely 
decreases the energy requirement for the amorphous-crystalline phase transition of 
Sb2S3 films during USP deposition. The phase composition of USP-grown Sb2S3 thin films, 
as measured by Raman and XRD, is summarized in Table 3.2. 

3.1.2 Elemental composition 
According to energy dispersive X-ray spectroscopy (EDX), the Sb2S3 thin films grown at 
200°C and 210°C from SbCl3/TU = 1/3 solution yielded an atomic ratio of S/Sb = 1.3 in  
as-grown state (Table 3.2), and after heat treatment. The Sb2S3 thin films grown at 220°C, 
however, yielded S/Sb = 1.5 before and after heat treatment. The increase of S/Sb from 
1.3 to 1.5 as deposition temperature was increased from 210°C to 220°C could possibly 
be caused by the observed crystallization of Sb2S3 at 220°C during deposition. 

The Sb2S3 thin films grown at 200°C from SbCl3/TU = 1/6 solution yielded a composition 
of S/Sb = 1.6 before and after heat treatment. The Sb2S3 thin films grown at 210°C, and 
220°C from the same solution yielded an atomic ratio of S/Sb = 1.5–1.6, and 1.5, 
respectively. Increasing deposition temperature to 220°C caused S/Sb to approach 
stoichiometry in Sb2S3 thin films grown from either solution. Notably, heat treatment had 
no significant effect on S/Sb in any of the studied samples. 

In comparison, an atomic ratio of S/Sb = 1.28 and 1.55 has been reported for Sb2S3 
films grown by thermal co-evaporation [101]. Furthermore, an atomic ratio of 
S/Sb = 1.38, and 1.42 has been reported for amorphous, and crystalline Sb2S3 thin films, 
respectively, grown by thermal evaporation from a single Sb2S3 target [164]. 

Based on EDX measurements, the concentration of Cl and C in all of the USP-grown 
Sb2S3 thin films was below the detection limit. Notably, the fact that the atomic ratio of 
S/Sb in USP-grown Sb2S3 thin films is affected by SbCl3/TU in solution and deposition 
temperature, but not by heat treatment, provides a robust input to regulate the atomic 
ratio of S/Sb in the composition of Sb2S3 thin films grown by USP. 

In addition, soft X-ray emission spectroscopy (XES) was applied at the Advanced Light 
Source synchrotron center in California, USA, to probe the chemical bonding of Sb and S 
atoms in USP-grown Sb2S3 thin films (see paper II, Figure 2). The XES spectra of 50 nm 
thick Sb2S3 films grown from SbCl3/TU = 1/3 and 1/6 solutions, in as-grown, and heat 
treated state (vacuum, 170°C or flowing N2, 300°C), with and without the ITO layer, were 
measured. The penetrating depth of the XES beam exceeded the thickness of the  
USP-grown Sb2S3 thin films. Therefore, the entire thickness of the Sb2S3 thin films was 
probed. 

According to S L2,3 XES data, the center positions of the main transitions, designated 
as “S 3s” (147.5 eV), “Sb 5s” (151 eV), and “upper valence band” (156 eV), were constant 
for all measured samples, independent of the atomic ratio of S/Sb calculated from EDX. 
Moreover, XES data proved that the chemical bonding of Sb and S was similar in the 
studied Sb2S3 thin films. Hence, only the spectrum corresponding to a post deposition 
heat treated sample grown from SbCl3/TU = 1/3 solution at 220°C is shown in paper II, 
Figure 2. In addition, the presence of S-O bonds was not detected by XES in any of the 
measured samples. 
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3.1.3 Optical properties 
According to UV-VIS absorption coefficient calculations, the as-grown amorphous Sb2S3 
thin films yielded a direct band gap (Eg) = 2.6–2.7 eV (see paper I, Table 5) and 
α = 105 cm-1 at 400 nm wavelength (see paper I, Figure 7a,b), independent of deposition 
conditions. Samples containing crystalline Sb2S3 yielded a direct Eg = 1.8 eV and 
α = 105 cm-1 at 650 nm wavelength (see paper I, Table 5), which is suitable for a thin film 
PV absorber layer. In literature, a direct Eg = 1.91–2.48 eV has been reported for 
amorphous Sb2S3 thin films [164], [195], [222], and a direct Eg = 1.6–1.78 eV for crystalline 
Sb2S3 thin films (see section 1.5, Table 1.1). Accordingly, the results reported herein are 
consistent with literature. 

3.1.4 Morphology 
The morphology of the entire series of Sb2S3 thin films is discussed in papers I and II. 
Here, the ultimate goal was to obtain uniform continuous Sb2S3 thin films. The 
amorphous Sb2S3 thin films grown at 200°C (3-200) and 210°C (3-210; Figure 3.3a, c) from 
SbCl3/TU = 1/3 solution had almost entirely coalesced into a continuous film at a film 
thickness of ≈70–90 nm. 

Heat treatment of the amorphous as-grown Sb2S3 thin film (3-210) caused the Sb2S3 
to distribute into a continuous coating (3-210-170; Figure 3.3b, d), yielding an average 
lateral grain size ≈ 10 µm (see paper II, Figure 1b). By 220°C, the growth mechanism had 
changed, as domains of separate Sb2S3 grains oriented at various angles were seen 
protruding from the substrate in SEM images (see paper I, Figure 3i, j). 

The amorphous Sb2S3 thin film grown at 200°C from SbCl3/TU = 1/6 solution (6-200; 
see Figure 3.3e, g) was thinner (50–70 nm) than the 1/3 counterpart (3-200), leaving the 
underlying TiO2 film more exposed due to a shortage of material. The Sb2S3 thin film 
grown at 210°C (6-210) was also discontinuous, and consisted partially of ≈400 nm thick 
pyramidal agglomerated grains (see paper I, Figure S5c, d). Increasing the deposition 
temperature to 220°C (6-220) resulted in slanted or vertically aligned crystalline Sb2S3 
grains without horizontal grain boundaries (see paper I, Figure 3e, f), which were 
separated by voids in the top-down view. 

Heat treatment of the amorphous Sb2S3 thin film (6-200; Figure 3.3f, h) flattened the 
surface of the film, but uncovered areas remained because there was not enough Sb2S3 
to form a continuous film. Thus, uniform Sb2S3 thin films could likely be grown by USP at 
200°C from SbCl3/TU = 1/6 solution if the deposition time is prolonged or the precursor 
concentration is increased sufficiently to fill in voids. That would be attainable at a film 
thickness of ≈80–90 nm, while ensuring that the amorphous state of Sb2S3 thin films is 
sustained during deposition. 

In conclusion, the aim to deposit uniform phase pure Sb2S3 thin films was fulfilled by 
a two-step process. First, an amorphous film of Sb2S3, free of Cl, C, and secondary phases 
to detectable limits, was grown by USP in air at 200°C or 210°C from SbCl3/TU = 1/3 
solution. Second, the film was crystallized by heat treatment in vacuum at 170°C.  
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Figure 3.3. Top-down and cross-section SEM views of as-grown and heat treated Sb2S3 thin films. 
(a, c) As-grown, and (b, d) heat treated Sb2S3 thin film deposited at 210°C from SbCl3/TU = 1/3 
solution. (e, g) As-grown, and (f, h) heat treated Sb2S3 thin film deposited at 200°C from 
SbCl3/TU = 1/6 solution. Post deposition heat treatment: 170°C, ≈5 10-4 Pa, 5 min. Substrate: 
glass/ITO/TiO2. 

3.1.5 Growth mechanism of Sb2S3 thin films on a planar substrate 
Sb2S3 thin films deposited by USP from SbCl3/TU solutions were determined to grow via 
the Volmer-Weber island growth mechanism (see paper I). Moreover, this is the only 
growth mechanism wherein the substrate is not entirely covered by a seed layer of the 
deposited material after the height of the growing clusters exceeds a few nm. In addition, 
films of materials that wet the substrate poorly, for various reasons, generally grow by 
the island growth mechanism. Therefore, in order to prepare uniform coatings of Sb2S3, 
the deposited film must have a thickness exceeding a threshold value (70–90 nm in case 
of USP of SbCl3/TU solution; Figure 3.3c, d, g, h) to allow the growing nuclei to coalesce. 

The surface and cross-sectional views, by SEM, presented in Figure 3.3a–h, show that 
as thickness increases (see route A in Figure 3.4), the round amorphous Sb2S3 islands 
spread (step A1) until the entire substrate is covered (step A2), effectively eliminating 
pinholes and voids in the film. Afterwards, leaner sections are filled in until the film 
thickness equalizes (step A-3). The synthesis route of depositing an amorphous Sb2S3 
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layer until full coverage of the substrate is attained, followed by crystallization after 
deposition, led to the required continuous morphology. Alternatively, if the Sb2S3 thin 
film crystallizes during deposition, separate slanted grains are formed (route B in Figure 
3.4). 

Figure 3.4. Proposed growth mechanism of Sb2S3 films by USP from SbCl3/TU solution. After the 
liquid SbCl3/TU mixture decomposes into Sb2S3, the islands of amorphous Sb2S3 (A) grow on the 
substrate (1) until they coalesce and fill in voids (2), resulting in a continuous planar film at a 
thickness of 70–90 nm after crystallization (3). (B) In case the Sb2S3 thin film crystallizes during 
deposition, separate grains are formed. 

In literature, Sb2S3 thin films have predominantly formed via the island growth 
mechanism on planar substrates when grown by chemical [116], [181], [223] and physical 
deposition methods [224], [225]. 

According to the results presented in Table 3.2 and the views by SEM, achieving a 
uniform phase pure Sb2S3 thin film by USP has laid the foundation for the preparation of 
efficient planar Sb2S3 thin film solar cells. 

3.1.6 Summary 
To conclude, uniform and continuous Sb2S3 thin films, free of Cl, C, and secondary phases 
to the detection limit of the applied characterization techniques, were prepared by USP 
in air. The route to prepare these films involved the deposition of an amorphous Sb2S3 
thin film with a thickness of 70–90 nm from a solution of SbCl3/TU = 1/3 at 200–210°C. 
Thereafter, heat treatment in high vacuum at 170°C yielded crystalline Sb2S3 films with 
Eg = 1.8 eV, S/Sb = 1.3, and average lateral grain size ≈ 10 µm. 

In case of spraying the SbCl3/TU = 1/6 solution at 200°C, the film thickness was not 
sufficient to achieve full coverage in the same procedure, although S/Sb = 1.6 was 
obtained instead. In general, films deposited from SbCl3/TU = 1/6 solution showed close 
to stoichiometric composition. 

Sb2S3 thin films were determined to form by the 3D Volmer-Weber growth mechanism 
when deposited by USP. Furthermore, it was proven that directly depositing crystalline 
Sb2S3 thin films results in the incomplete coverage of the substrate by preferentially 
vertically growing separate Sb2S3 grains. The onset of crystallization decreased from 
220°C for SbCl3/TU = 1/3 solution to 210°C for SbCl3/TU = 1/6 likely due to an interaction 
resulting from the additional mass of liquid TU residing at the surface of the substrate 
during deposition. 
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3.2 Application of Sb2S3 thin films grown by ultrasonic spray pyrolysis in 
planar thin film solar cells 
The Sb2S3 thin films deposited by USP from SbCl3/TU = 1/3 solution were tested in planar 
glass/ITO/TiO2/Sb2S3/P3HT/Au solar cells. The results of this study are published in 
paper II. Solar cells were prepared based on 30 nm, 70 nm, 100 nm, and 150 nm thick 
Sb2S3 films, as estimated by SEM, grown onto glass/ITO/TiO2 substrates at the optimized 
conditions (SbCl3/TU = 1/3, USP at 200°C, heat treatment at 170°C in vacuum, [II]). After 
capping the stack with P3HT/Au, the solar cells were tested for PV performance as a 
function of absorber thickness, cell area, storage time, and light intensity. 

3.2.1 Influence of Sb2S3 film thickness on PV performance of solar cells 
The solar cell stack is illustrated in Figure 3.5a. The cross-section of the most efficient 
solar cell with a 100 nm thick Sb2S3 film is presented in Figure 3.5b, and the photograph 
of a comparable back-contact-less glass/ITO/TiO2/Sb2S3 stack is presented in Figure 3.5c. 

 

Figure 3.5. (a) Solar cell configuration. (b) SEM cross-section image of the best cell. (c) Photograph 
of a 100 nm thick crystalline Sb2S3 film on a 25 cm2 square glass/ITO/TiO2 substrate. 

Inspection of the J-V scans of the best cell at each absorber thickness (Figure 3.6a) reveals 
a parabolic trend, as η = 1.6 % (30 nm), 4.4 % (70 nm), 4.7 % (100 nm absorber, cross 
section in Figure 3.6b), and 2.0 % (150 nm) was achieved. Regarding transparency, as the 
thickness of the Sb2S3 film in the glass/ITO/TiO2/Sb2S3 stack was increased from 70 nm to 
100 nm (photograph in Figure 3.5c), and to 150 nm, the AVT of the back-contact-less 
stack decreased from 28 % to 26 %, and 16 %, respectively (Figure 3.6b). Therefore,  
as AVT ≥ 20 % is required, solar cells with a 70–100 nm thick USP-Sb2S3 film would 
provide the optimal combination of η and AVT for semitransparent PV applications. 
Although, reduction of AVT is expected due to the back contact, as shown in ref. [197]. 

In literature, η = 3.4 % and AVT = 13 % for the complete stack was achieved with a 
planar solar cell of glass/ITO/30 nm TiO2/85 nm Sb2S3/30 nm P3HT/10 nm Au, wherein 
Sb2S3 had been deposited by ALD [197]. 

The shape and magnitude of EQE provides insight on the spectral carrier collection 
efficiency in solar cells. The EQE spectra of the best solar cells with a 70 nm, 100 nm, and 
150 nm thick Sb2S3 film (Figure 3.6b) convey that EQE decreases at longer wavelengths 
for solar cells with a 70 nm or 100 nm thick Sb2S3 film, and is level in the 350–650 nm 
wavelength range at an absorber thickness of 150 nm. EQE onset at 750 nm in all  
samples indicates Eg ≈ 1.65 eV for the Sb2S3 film. In addition, the wavy shape of EQE at  
350–500 nm wavelength is attributed to optical interference from ITO, TiO2 and Sb2S3 in 
the solar cell stack, and to the parasitic absorption in P3HT at 500–650 nm wavelength, 
as described in ref. [137] and paper II, Figure 3c. 
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Figure 3.6. (a) Dark and light J-V curves of planar glass/ITO/TiO2/Sb2S3/P3HT/Au solar cells with a 
30, 70, 100, and 150 nm thick USP-grown Sb2S3 absorber layer. (b) EQE of solar cells and 
transmittance of glass/ITO/TiO2/Sb2S3 reference samples with equivalent absorber thickness. 

The increase in EQE at 550–750 nm wavelength is probably the result of increased light 
absorption capability in the 150 nm thick absorber. The simultaneous decrease in EQE at 
350–550 nm wavelength could be partially caused by a decreased photogenerated hole 
diffusion capability from the region of the absorber near TiO2 to the Sb2S3/P3HT 
interface. A decrease in EQE at 350–550 nm was reported for ALD-Sb2S3 based planar 
FTO/TiO2/ZnS/Sb2S3/P3HT/Au solar cells after increasing absorber thickness from 90 nm 
to 162 nm, stating that the diffusion length of photogenerated holes is insufficient in 
thicker Sb2S3 films [148]. In a report on planar FTO/TiO2/ALD-Sb2S3/P3HT/PEDOT:PSS/Au 
solar cells, EQE decreased at 350–550 nm to a value lower than at 550–750 nm 
wavelength when the absorber thickness had been increased from 90 nm to 120 nm [8]. 
Hence, the EQE results presented herein are consistent with literature. 

Reduced carrier collection efficiency at longer wavelengths, as observed in the EQE 
spectra of the solar cells based on a 70 nm or a 100 nm thick USP-grown Sb2S3 film, has 
been generally linked to a limited lifetime of holes in the absorber bulk in thin film solar 
cells [12]. A flat low response at all wavelengths, as seen in the EQE spectrum of the solar 
cell based on a 150 nm thick USP-grown Sb2S3 film, has been associated with a high series 
resistance or a back contact barrier [12]. Furthermore, if the carrier concentration in the 
absorber is low (1012 cm-3 for CBD-Sb2S3 films [94] vs ≈1016–1017 cm-3 for CdTe, CIGS), a 
flat low response in EQE has also been ascribed to a detrimentally long drift distance for 
photogenerated electrons and holes in the absorber [12]. 

According to J-V scans (Table 3.3), average VOC was similar (670–704 mV) when the 
absorber thickness was 30–100 nm, and decreased to 638 mV at an absorber thickness 
of 150 nm. As the absorber thickness was increased from 30 nm to 100 nm, average JSC 
increased proportionally to 10.3 mA cm-2 due to increased photogeneration capability in 
the absorber. Average JSC was two times smaller at 150 nm vs 100 nm absorber thickness 
due to the three times larger RS, in turn caused by the increased thickness of the resistive 
(ρ = 2-3⋅106 Ω cm2 in dark) Sb2S3 absorber. FF was optimal (57 %) at 70 nm absorber 
thickness due to the smallest RS (7.4 Ω cm2) in combination with the largest RSH 
(2.2 kΩ cm2). Less optimal RS and RSH at other absorber thicknesses resulted in a 
proportionally reduced FF. Consequently, average η peaked at 3.7 % in solar cells with a 
100 nm thick Sb2S3 absorber. 
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Table 3.3. Solar cell output parameters depending on Sb2S3 film thickness.a 

Sb2S3 

thickness, nm 

VOC, 

mV 

JSC, 

mA cm-2 

FF, 

% 

η, 

% 

RS, 

Ω cm2 

RSH, 

kΩ cm2 

No. of 

cells 

30 Avg. 704±7b 4.8±0.3 43±3 1.5±0.1 14±2.1 0.5±0.1 8 

Best 705 5.0 46 1.6 18 0.6  

70 Avg. 670±8 7.5±0.6 57±4 2.9±0.2 7.4±0.6 2.2±1.0 9 

Best 691 11.5 55 4.4 6.0 1.1  

100 Avg. 693±17 10.3±1.0 52±3 3.7±0.4 7.6±1.5 0.9±0.3 36 

Best 726 12.3 52 4.7 5.9 0.7  

150 Avg. 638±16 4.3±1.1 44±1 1.2±0.3 26±5.2 0.7±0.2 8 

Best 669 6.9 43 2.0 19 0.4  
aMeasurement conditions: 100 mW cm-2; AM1.5G, Xe light source; cell area 7.1 mm2. 
bStandard deviation. 

3.2.2 Influence of cell area, storage time and light intensity on PV performance 
of Sb2S3 solar cells 
The effect of varying cell area on the PV performance parameters of USP-Sb2S3 thin film 
solar cells was investigated to assess the area scalability of USP-Sb2S3 solar cells, and to 
identify any potential shortcomings that could be addressed in later investigations. Solar 
cells were fabricated with a back contact area ranging from 1.7 to 180 mm2. The 
respective PV performance parameters were characterized via J-V scans in dark, and 
under light at AM1.5G (Figure 3.7a). 

Increasing cell area caused VOC, JSC, FF, and η to decrease linearly, whereas RS increased 
linearly. The best cells of 1.7 mm2, 7.1 mm2 area, and the singular cells of 88 mm2 and 
180 mm2 area yielded η = 5.5 %, 4.7 %, 3.2 %, and 1.5 %. It is noteworthy that a threefold 
increase was achieved compared to the previous best for USP-Sb2S3 solar cells of a 
comparable area of 1.7 mm2 and 100 mm2 (see section 1.5, Table 1.1). 

The decrease in PV parameter values as cell area is increased to 88 mm2 and beyond 
is likely related to deviations in film uniformity and thickness of TiO2, Sb2S3, and P3HT, 
which is not as noticeable for contacts smaller than 10 mm2. Decreased PV performance 
at a larger solar cell area is a common issue for emerging and commercial PV alike [14], 
[41]. Thus, further research is required to optimize performance of USP-Sb2S3 solar cells 
via tuning of the film uniformity, thickness, and properties of all constituent layers. 

Solar cells must withstand operation in fluctuating weather conditions for decades. 
Thus, it is instrumental to identify and solve any design flaws before committing to any 
particular cell architecture. Therefore, the impact of storage time on the PV performance 
parameters of a USP-Sb2S3 solar cell of 88 mm2 area was studied as a first approximation 
(see paper II, Figure 6). The unencapsulated cell was stored in ambient office conditions 
regulated by automated ventilation and air conditioning, and was exposed to cycles of 
fluorescent tube light and sunlight in VOC condition. 
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Figure 3.7. Effect of cell area on the photoconversion parameters of planar 
ITO/TiO2/Sb2S3/P3HT/Au solar cells. Measurement: (a) Xe, AM1.5G, cell area 7.1 mm2. The lines are 
linear fits on the shown axes. The violet star marks the best device and the error bars represent 
standard deviation. 

In the span of one year in storage, VOC remained stable, JSC decayed linearly 
(-0.014 mA cm-2 d-1) as RS increased linearly over time, whereas RSH was constant.  
The cell gained FF at 0.0078 % d-1, and η decayed from 3.2 % at 0.0024 % d-1.  
In comparison, planar FTO/TiO2/spin coated Sb2S3/spiro-OMeTAD/Au cells (η = 4.3 %, 
area 10 mm2) kept in dark in dry N2 at room temperature without encapsulation lost η at 
0.026 % d-1 on average in 100 days [145]. Moreover, planar FTO/TiO2/spin coated 
Sb2S3/spiro-OMeTAD/Au cells (η = 4.2 %, area 10 mm2) stored in dark in air at room 
temperature, RH 85 %, without encapsulation lost η at a rate of 0.074 % d-1 on average 
in 45 days [147]. Therefore, leaving aside the different unstandardized storage conditions 
and preparation procedures, the USP-based cell appears to decay at least ≈10 times 
slower than the aforementioned solar cells based on a spin coated Sb2S3 absorber. 

According to literature, efforts are underway to stabilize η of Sb2S3 solar cells via e.g. 
post-growth selenization of the Sb2S3 film [139], SbCl3 treatment of the Sb2S3 film [147], 
or zinc halide treatment of the TiO2 layer [145]. In retrospect of these studies, device 
stability clearly depends on the passivation of the ETL/Sb2S3 and Sb2S3/HTL interfaces. 
Thus, further studies are required to achieve long-term stability for Sb2S3 solar cells. 

In order to evaluate the effect of daily variations in sunlight on PV performance 
parameters, the J-V curve of a freshly prepared ITO/TiO2/USP-Sb2S3/P3HT/Au solar cell 
was measured at 3–100 mW cm-2 light intensity (see paper II, Figure 7). 

The observed increase in η at reduced light intensity for the solar cell is mainly due to 
the relative increase in JSC, and FF. The increase in FF is caused by increased RSH, as RS was 
constant. Light intensity dependent RSH is characteristic to Sb2S3 based solar cells [6], [66], 
[97], [147], and is likely accentuated by the presence of the photosensitive P3HT layer 
[226]. 

The increased performance in dim light with or without the organic HTL emphasizes 
the prospect of installing Sb2S3 solar cells in regions shrouded by clouds, where light 
intensity is mostly below 100 mW cm-2. Namely, according to satellite imagery, 67 % of 
the Earth is generally under cloud cover, and on average 55 % of land is covered by clouds 
[227]. Thus, developing PV dedicated to operation at reduced light intensity could be a 
target application for USP-Sb2S3 based solar cells. 
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3.2.3 Summary 
As a proof of concept, it was demonstrated that a planar USP-Sb2S3 solar cell with 
η = 5.5 % (1.7 cm2), 4.7 % (7.1 mm2), and 3.2 % (88 mm2) is achievable with a 100 nm 
thick USP-grown Sb2S3 thin film absorber by applying a two-step process to grow 
continuous phase pure Sb2S3 thin films. Thereby, it was proven that it is possible to 
prepare USP-Sb2S3 based solar cells that are comparable to in PV performance to the 
most efficient solar cells in literature. 

Furthermore, the high resistivity of USP-grown Sb2S3 thin films manifested at a 
thickness of 150 nm, causing η of solar cells to decrease. Resistivity of the absorber could 
be reduced to a reasonable value via doping and grain growth engineering in the future. 

The stack of glass/ITO/TiO2/USP-Sb2S3 yielded AVT = 26 % at an absorber thickness of 
100 nm, proving that USP-Sb2S3 based solar cells are potentially applicable for 
semitransparent applications if combined with a suitably transparent back contact. 

Increasing the cell area resulted in a steady loss of η likely due to variations in the 
thickness of the TiO2, Sb2S3, and P3HT films. Finding the exact causes requires continued 
investigation, and optimization of the optoelectronic properties and morphology of the 
bulk phase and interfaces between the component layers. 

The decay of η over time of the 88 mm2 USP-Sb2S3 solar cell was ≈10 times slower 
compared to the degradation reported for solar cells based on a spin coated Sb2S3 film 
and spiro-OMeTAD, although the storage conditions were different in each study. 

The magnified η of the ITO/TiO2/USP-Sb2S3/P3HT/Au solar cell at light intensity below 
100 mW cm-2 indicates that this type of solar cell could be especially suitable for 
application in conditions where reduced intensity of sunlight or diffuse light is prevalent. 
Although, more comprehensive investigation is required to discover the origin of this 
phenomenon.
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3.3 Thermal analysis of SbEX as an alternative precursor for depositing 
Sb2S3 thin films 
In order to investigate the possibility of depositing uniform phase pure Sb2S3 thin films 
by USP from a halogenide-free precursor solution, reagents fitting the description were 
screened according to the conditions set in section 1.7.3. Moreover, as the lower limit 
for depositing Sb2S3 thin films from the SbCl3/TU solution was ≈ 200°C, precursors that 
would decompose below 200°C were considered. A melting point of ≈ 70°C and total 
decomposition into Sb2S3 at ≈160°C had been reported for antimony ethyl xanthate 
(Sb(S2COCH2CH3)3; SbEX) [183]. SbEX was selected because its decomposition 
temperature was lower than for any other compound under consideration. 

Notably, the thermal decomposition of SbEX had not been studied by thermal analysis 
combined with online in situ evolved gas analysis and intermediate solid decomposition 
product analysis. Thus, a TG/DTA-EGA-MS analysis was undertaken to definitively 
describe the thermal decomposition of SbEX in an inert and an oxidizing atmosphere.  
The results of this study are published in paper III. 

3.3.1 Synthesis and identification of SbEX 
The phase composition and purity of the SbEX powder synthesized in this study was 
determined by FTIR, Raman, nuclear magnetic resonance spectroscopy (NMR), EDX, and 
XRD. According to FTIR (see paper III, Figure 1, Table S1), several vibrational bands 
attributed to the functional groups of the EX ligand were detected. Bands attributed to 
SbEX were also detected by Raman (see paper III, Figure S1). According to qualitative 1D 
and 2D NMR, chemical shift values attributed to the functional groups in the sequence 
of S2COCH2CH3, i.e. the EX ligand, were detected (see paper III, Table 1). According to 
quantitative 1H(CH2) NMR, the powder contained 95 mol% SbEX (see paper III, Table 2). 
An atomic ratio of S/Sb of 5.7±0.1 (expected 6.0) was calculated from EDX data.  
The remainder was attributed to amorphous Sb2S3 based on Raman data. The XRD 
pattern of the synthesized powder matched the reference pattern of SbEX [228]. Thus, 
according to the combined data from FTIR, Raman, NMR, EDX, and XRD measurements, 
the composition of the substance was 95 mol% SbEX and 5 mol% amorphous Sb2S3. 

3.3.2 Thermal analysis of SbEX 
SbEX decomposed thermally in the temperature range of 90–800°C in argon atmosphere 
in three steps or at 90–590°C in air atmosphere in four steps. After melting at 85°C, SbEX 
decomposed into Sb2S3 in an endothermic decomposition step at 90–170°C in argon 
(Figure 3.8a) and air (Figure 3.8b) atmosphere. A second, exothermic step occurred at 
170–250°C in both atmospheres that purified Sb2S3 from decomposition residues and 
crystallized it. In the first and second decomposition step, the evolution of CS2, C2H5OH, 
CO, CO2, COS, H2O, and minor gases was detected proportionally to the mass loss of 
66.3 % vs 2.1 % in argon, and 61.1 % vs 2.1 % in synthetic air (Table 3.4). Consequently, 
the proof provided in this study refutes a part of the explanation given for the thermal 
analysis of SbEX in two publications, wherein the mass loss in the second decomposition 
step has been unfoundedly attributed to the evolution of sulfur vapors [205], [219].  

Furthermore, in argon atmosphere, the mass of Sb2S3 derived from SbEX remained 
stable until the characteristic melting point of Sb2S3 = 550°C, which reaffirmed the phase 
purity of Sb2S3 formed from SbEX. In argon atmosphere, the third decomposition step 
started at 590°C, ending with the total mass loss of the remaining material. 
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In air atmosphere, Raman analysis of the Sb2S3 product obtained at 170°C from SbEX 
confirmed oxidation of Sb2S3 in the form of Sb2O3. In air atmosphere, the third 
decomposition step proceeded at 250–495°C with an exothermic peak at 365°C.  
In addition, evolution of SO2 was detected by EGA-MS in that step. The residue at the 
end of the third decomposition step in air was Sb2O4, according to XRD. Heating SbEX to 
350°C in air resulted in the formation of crystalline sulfates and oxides, according to XRD. 
In the fourth decomposition step in air in the range of 495–595°C with an exothermic 
peak at 570°C, SO2 continued to evolve. The residue at the end of the fourth 
decomposition step in air was Sb2O4, according to XRD. 

The main thermal decomposition reactions of SbEX are described in paper III, 
Scheme 1, according to EGA-MS data recorded in Ar and air (see paper III, Figure 3a-i), 
and according to FTIR data of intermediate solid decomposition products heated at 
115°C, and 160°C in either N2 or air (see paper III, Figure 4a, b). 

 

Figure 3.8. Thermal analysis curves (TG, DTG, DTA) of the SbEX powder in (a) argon (initial mass 
11.6 mg), and (b) 80 % argon / 20 % oxygen (initial mass 13.9 mg). Gas flow: 60 mL min-1. 
Measurement: in situ online coupled TG/DTA-MS system. 

3.3.3 Summary 
According to the TG/DTA-EGA-MS measurement results, SbEX decomposed thermally in 
the temperature range of 90–800°C in argon atmosphere in three steps or at 90–590°C 
in air atmosphere in four steps. In argon and air, SbEX decomposed by 170°C into 
amorphous Sb2S3, according to Raman, and evolution of CS2, C2H5OH, CO, CO2, COS, H2O 
was detected by EGA-MS. A second endothermic step occurred at 170–255°C in argon, 
and 170–250°C in air, accompanied by the evolution of the same gases as in the first step. 
However, Sb2O3 was additionally detected by Raman in the intermediate product 
exposed to 170°C in air. The Sb2S3 formed from SbEX in argon remained stable until its 
melting point of 550°C. At temperatures above 270°C in air, oxidation of Sb2S3 continued, 
resulting in Sb2O4 at 590°C. Thus, in principle, SbEX is considered a prospective and novel 
precursor for the preparation of Sb2S3 in air at around 170°C. In addition, as Sb2S3 is 
expected to oxidize at around 170°C, a method to prevent oxidation is required. 
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Table 3.4. Thermal decomposition steps, mass losses, DTA and DTG peak temperatures, evolved gases, and phase composition of SbEX and its decomposition products 
heated in inert or air atmosphere. TG/DTA-MS data recorded at a heating rate of 10°C min-1 with open Al2O3 crucible. 

Atmospherea Step Temp. 

range, 

°C 

Mass loss at 

end of step, 

% 

DTA peak 

temp., 

°C 

DTG peak 

temp., 

°C 

Evolved gases 

by EGA-MSb 

Intermediate decomposition product 

Synth. temp., 

°C 

Phase composition 

by XRD 

Inert Melt 70–90 0 85 endo - Initial SbEX 

1 90–170 66.3 140 endo 135 
CS2, EtOH, CO, 
CO2, COS, H2O, 
EtSH, SO2 

115 SbEX 

170 – 

2 170–255 68.4 235 exo, 
250 exo 

240 270 Sb2S3 

3 590–800 100 – – – 730 Sb2S3, Sb 

Air Melt 70–90 0 85 endo – Initial SbEX 

1 90–170 61.1 140 endo 135 
CS2, EtOH, CO, 
CO2, COS, H2O, 
EtSH, SO2 

115 SbEX 

170 – 

2 170–250 63.2 235 exo, 
245 exo 

235 270 Sb2S3 

3 250–495 65.8 365 exo 350 SO2 350 Sb2(S2O7)3, Sb2S3, 
Sb2O4 

4 495–590 66.8 570 exo 570 SO2 600 Sb2O4 
aAr or 80 % Ar / 20 % O2 for thermal analysis, N2 or air for intermediate solid decomposition product analysis. 
bMajor gases in bold.
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3.4 Deposition of Sb2S3 thin films from SbEX solutions by ultrasonic 
spray pyrolysis 
Solutions of antimony ethyl xanthate (SbEX), and SbEX with thiourea (TU) or 
thioacetamide (TA) were used at different deposition temperatures with the aim to 
deposit uniform and conformal phase pure Sb2S3 thin films by USP. The results of this 
study are published in paper IV. 

3.4.1 Deposition of Sb2S3 films from SbEX solution 
Films were grown from a solution of SbEX by USP at 105°C, 135°C, and 165°C in air on a 
glass/ITO/TiO2 substrate (Table 3.5). Some films were then heat treated at 225°C, 
2⋅10-1 Pa. At first, deposition at 105°C was pursued to determine whether the synthesis 
route from SbEX film to crystalline Sb2S3 film would yield a pure phase. A thin film of SbEX 
was grown at 105°C. Heat treatment converted the film into orthorhombic Sb2S3, 
according to XRD and Raman data (Table 3.5). Analysis of this sample by FTIR revealed 
bands positioned at 1025 cm-1 and 1225 cm-1, attributed to vibrations of SbEX. As 
presence of SbEX in the heat treated film is contrary to the aim of the thesis, these films 
were excluded from further discussion. 

Table 3.5. Phase composition (XRD, Raman, FTIR) of films deposited from SbEX solution by USP. 
Substrate: glass/ITO/TiO2. Heat treatment: 225°C, 2⋅10-1 Pa, 30 min. 

Deposition 
temperature, °C 

Film state Phase composition 

XRD Raman FTIR 

105 As-grown SbEX SbEX SbEX 

 Heat treated Sb2S3 Sb2S3 SbEX 

135 As-grown – amorph. Sb2S3 – 

 Heat treated – Sb2S3 – 

165 As-grown Sb2O3 N/Ma N/M 

aN/M – Not measured. 
 
The thermal analysis results of paper III could not be directly converted for use with USP. 
Thus, films were grown by USP in air from a solution of SbEX at a deposition temperature 
of 135°C and 165°C, followed by heat treatment. As could be predicted based on the 
results of paper III, the film grown at 135°C contained amorphous Sb2S3, and the film 
grown at 165°C contained crystalline Sb2O3 (Table 3.5). The Sb2S3 layer grown at 135°C 
did not crystallize after heat treatment in vacuum at 225°C, likely due to an inhibiting 
effect of decomposition residues (atomic ratios of C/Sb = 0.6, S/Sb = 0.4 calculated from 
EDX data; see paper IV, section 3.1). Thus, the first preparation route in its form of 
implementation was not successful in achieving the aim of the thesis. Consequently, 
these negative results explicitly confirm that suppressing oxidation in this USP deposition 
process is absolutely necessary to achieve phase pure Sb2S3 thin films. 
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3.4.2 Deposition of Sb2S3 films from SbEX/thioamide solutions 
Thiourea (TU) and thioacetamide (TA) were chosen for the role of liquid protective layer 
as simple thioamides. TU melts at ≈180°C and loses 84.3 % of initial mass by 237°C [229], 
whereas TA is reported to melt at 110°C and decompose at 120–200°C without leaving 
any solid residues [230]. Consequently, TU is expected to form a temporary liquid 
protective coating at ≈180–250°C, and TA at ≈120–220°C. 

In addition, thermal analysis coupled with evolved gas analysis of TA was used to 
clarify its melting point, mass loss and gaseous products in the temperature range of 
interest (100–300°C) in air. TA melts at 120°C, degrades into H2S and CH3CN at 150–
210°C, and a black colored amorphous solid residue of 3.2 % of its initial mass remains 
by 210°C (see paper IV, Figure 4a, b). Some CH3CN oxidizes into H2O and N2O. Evidently, 
TA decomposes at a suitable temperature after melting, fulfilling the requirements for 
use in USP with SbEX. 

Solutions of SbEX/TU = 1/1 and 1/3, and SbEX/TA = 1/3 and 1/10 dissolved in 
acetonitrile were sprayed by USP in air at 135°C, 165°C, and 215°C with the aim to grow 
Sb2S3 thin films. The respective deposition conditions are outlined in Table 3.6 with the 
resultant phase composition, atomic ratio of S/Sb, and band gap of the Sb2S3 films. 

Table 3.6. Phase composition (XRD, Raman), calculated S/Sb atomic ratio (EDX), and calculated 
band gap (UV-VIS) data of films deposited from SbEX/thioamide solution by USP. Substrate: 
glass/ITO/TiO2. Heat treatment: 225°C, 2⋅10-1 Pa, 30 min. 

Solution 
comp. 

Molar 
ratio in 
solution 

Depos. 
temp., 
°C 

Phase compositiona S/Sb, 
at%/at% 

Eg,  

eV 

As-
grown 

Heat 
treated 

Heat 
treated 

Heat 
treated 

SbEX/TU 1/1 165 a-Sb2S3 c-Sb2S3 1.1 1.8 

1/3 135 a-Sb2S3 c-Sb2S3 N/Mb >2.5 

165 a-Sb2S3 c-Sb2S3 1.3 1.8 

215 a-Sb2S3 c-Sb2S3 1.5 1.8 

SbEX/TA 1/3 165 a-Sb2S3 c-Sb2S3, 
c-Sb2O3 

N/M 1.8 

1/10 135 a-Sb2S3 c-Sb2S3 1.2 1.8 

165 a-Sb2S3 c-Sb2S3 1.4 1.8 

215 a-Sb2S3 c-Sb2S3 1.4 1.8 

aa-Sb2S3 – amorphous Sb2S3. c- Sb2S3 – crystalline Sb2S3. 
bN/M – Not measured. 

 
The as-grown films contained only amorphous Sb2S3, as confirmed by Raman, XRD, and 
FTIR. The band gap calculated from UV-VIS data was in excess of 2.2 eV for as-grown 
Sb2S3 films, and ≈1.8 eV for heat treated Sb2S3 films (Table 3.6), in line with literature (see 
section 3.1.3). Spraying the SbEX/TU = 1/1 solution at 165°C yielded films with S/Sb = 1.1 
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after heat treatment. Hence, SbEX/TU = 1/3 was used thereafter. Increasing the deposition 
temperature from 165°C to 215°C caused the atomic ratio of S/Sb in the heat treated film 
to increase from 1.3 to 1.5. Thus, films grown at 215°C are expected to contain fewer 
residues. 

Spraying the SbEX/TA = 1/3 solution at 165°C yielded films containing Sb2O3 after heat 
treatment, indicating a lack of thioamide. Thus, SbEX/TA was increased to 1/10 to avoid 
oxidation of the Sb2S3 film. The atomic ratio of S/Sb was calculated as 1.4 for films grown 
at 165°C and 215°C. Thus, the concentration of residues is estimated to be similar, as TA 
decomposes readily above 150°C [IV]. Impurities were not detected by EDX or FTIR in any 
heat treated film. Thus, all Sb2S3 films grown from either solution were phase pure after 
heat treatment to the detection limit of Raman, XRD, FTIR, and EDX. 

As the aim was to obtain uniform and continuous phase pure Sb2S3 thin films, the 
morphology of films grown at 165°C and 215°C from SbEX/TU = 1/3 and SbEX/TA = 1/10 
solution was examined by SEM (Figure 3.9). The films grown at 165°C appeared in both 
cases porous and uneven after heat treatment (Figure 3.9a, c, e, g), indicating an 
incomplete decomposition of the reagents during deposition. 

 

Figure 3.9. Top-down and cross-section SEM views of Sb2S3 films grown by USP from a solution of 
SbEX/TU = 1/3 at 165°C (a, e), and 215°C (b, f), or from a solution of SbEX/TA = 1/10 at 165°C (c, g), 
and 215°C (d, h), after heat treatment. Substrate: glass/ITO/TiO2. Heat treatment: 225°C, 2⋅10-1 Pa, 
30 min. 

After heat treatment, the films grown at 215°C were compact, 50 nm thick, consisting of 
grains 40–280 nm by 30–130 nm (SbEX/TU = 1/3; Figure 3.9b, f), or 150 nm thick, 
consisting of grains 50–150 nm by 25–40 nm (SbEX/TA = 1/10; Figure 3.9d, h). Compared 
to Sb2S3 films grown from SbCl3/TU = 1/3 solution at 200°C after heat treatment (see 
paper II, Figure 1b), the lateral grain size of the films grown from SbEX/TU = 1/3 solution 
was smaller by about an order of magnitude, and mean crystallite size, calculated with 
respect to the reflection of the (2 0 2) crystallographic plane, was smaller by about a third 
(38±6 nm vs 27±4 nm). Therefore, the deposition of Sb2S3 thin films by USP from SbEX 
solutions requires further optimization to achieve comparable results. 

Three routes were identified for growing Sb2S3 films from SbEX solutions by USP. First 
(Figure 3.10a), if there is a lack of thioamide to suppress oxidation of the growing film, 
Sb2O3 forms. Second (Figure 3.10b), if more thioamide reaches the substrate than can be 
decomposed in one USP cycle, solid residues accumulate within the growing film. During 
heat treatment, these trapped residues decompose into gaseous products, which carve 
voids into the film. Third (Figure 3.10c), if the concentration of thioamide is in the optimal 
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range at a deposition temperature of ≈215°C to decompose SbEX, a balanced process 
ensues. Therein, the growing film is protected from oxidation by the liquid thioamide 
film, yet the precursor and the thioamide decompose sufficiently to allow to prepare a 
continuous phase pure crystalline Sb2S3 thin film after heat treatment. 

 

Figure 3.10. The growth of Sb-containing films from SbEX solutions by USP. (a) Deposition at 165°C 
with insufficient thioamide yields porous Sb2O3. (b) Deposition from SbEX/TU = 1/3 or 
SbEX/TA = 1/10 solution at 135–165°C yields porous Sb2S3 coatings after heat treatment due to 
leftover residues. (c) Deposition from SbEX/TU = 1/3 or SbEX/TA = 1/10 solution at 215°C yields 
compact and uniform Sb2S3 thin films after heat treatment due to an appropriate quantity of 
thioamide in solution. 

3.4.3 Summary 
The deposition of uniform phase pure Sb2S3 thin films from SbEX by USP in air was 
accomplished by adding an appropriate amount of thioamide to the spray solution 
(SbEX/TU = 1/3 or SbEX/TA = 1/10) at a deposition temperature of 215°C, and heat 
treating the resulting amorphous phase pure Sb2S3 layers in vacuum at 225°C. 

Adding an insufficient quantity of thioamide, or none at all, to the spray solution 
causes the growing Sb2S3 layer to oxidize. According to FTIR, Raman, and XRD 
measurements of glass/ITO/TiO2/Sb2S3 stacks, and the thermal analysis of TA, both TU 
and TA are liquid and decompose readily at 165–215°C, thereby forming a transient liquid 
barrier that blocks oxidation of the growing Sb2S3 layer. 

In addition, if the amount of thioamide is excessive at the deposition temperature 
(165°C) that is required to completely decompose the byproducts, a porous Sb2S3 film is 
formed after heat treatment. 
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Conclusions 
This thesis was focused on the development of the preparation process to obtain 
continuous uniform phase pure polycrystalline Sb2S3 thin films by ultrasonic spray 
pyrolysis (USP) for photovoltaic applications. 

The novelty of this study is that the technological route was developed for preparing 
continuous phase pure Sb2S3 thin films on a planar substrate from Sb(TU)3Cl3 formed in 
solution by a two-step process. The result was achieved by tuning the solution 
composition and USP deposition temperature, and the post-deposition heat treatment 
temperature. Furthermore, it was proven that these Sb2S3 thin films grown by USP are 
applicable for use in planar thin film solar cells, yielding up to 5.5 % power conversion 
efficiency after optimizing the thickness of the absorber. Moreover, thermal analysis and 
intermediate solid decomposition product analysis of antimony ethyl xanthate (SbEX) 
was done to assess its applicability as a precursor for depositing Sb2S3 thin films by USP. 
Finally, the technological route to deposit continuous phase pure Sb2S3 thin films by a 
two-step process from a solution of SbEX/thiourea (TU) or SbEX/thioacetamide (TA) was 
developed by tuning the deposition temperature and precursor solution composition. 
The conclusions of this study are as follows: 
 

1) Changing the deposition temperature and SbCl3/TU molar ratio in solution 
was demonstrated to affect the phase composition, elemental composition 
and morphology of the Sb2S3 thin films deposited by USP in air at 200–220°C. 
Spraying a solution of SbCl3/TU = 1/6 at a deposition temperature of 210°C 
or 220°C (or SbCl3/TU = 1/3 at 220°C) yielded phase pure and crystalline (XRD, 
Raman), yet discontinuous (SEM) as-grown Sb2S3 thin films. Thus, continuous 
Sb2S3 thin films could not be prepared in one step by USP. Spraying a solution 
of SbCl3/TU = 1/6 at 200°C or a solution of SbCl3/TU = 1/3 at 200°C or 210°C 
yielded amorphous phase pure Sb2S3 thin films. In case of SbCl3/TU = 1/3, the 
films were 70–90 nm thick and continuous, whereas in case of 
SbCl3/TU = 1/6, the films were 50–70 nm thick and discontinuous. The 
amorphous Sb2S3 films grown from a solution of SbCl3/TU = 1/3 at 200°C or 
210°C were crystallized after heat treatment at the optimized conditions of 
170°C, 5⋅10-4 Pa, yielding a continuous morphology, an atomic ratio of 
S/Sb = 1.3, and Eg ≈ 1.8 eV. Thus, the technological procedure to obtain 
continuous phase pure crystalline Sb2S3 thin films was achieved by applying 
a two-step process. It involved the deposition of a continuous amorphous 
Sb2S3 films by USP in air at 200–210°C, followed by post-growth heat 
treatment at 170°C, 5⋅10-4 Pa. 

2) Continuous crystalline Sb2S3 thin films grown by USP from a solution of 
SbCl3/TU = 1/3 at 200°C in air, and heat treated at 170°C, 5⋅10-4 Pa, were 
applicable as the absorber layer in planar ITO/TiO2/Sb2S3/P3HT/Au thin film 
solar cells, according to J-V and EQE. The optimal thickness of the Sb2S3 
absorber film was 100 nm, based on η of solar cells. Accordingly, solar cells 
based on a 100 nm thick USP-grown Sb2S3 film yielded η of up to 5.5 % 
(1.7 mm2), 4.7 % (7.1 mm2), and 3.2 % (88 mm2) at AM1.5G conditions, 
indicating PV performance approaching the state-of-the-art of planar Sb2S3 
solar cells. 
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3) According to TG/DTA-EGA-MS, SbEX decomposed thermally in the 
temperature range of 90–800°C in argon atmosphere in three steps or at  
90–590°C in air atmosphere in four steps. In argon and air, SbEX melted at 
85°C, and decomposed by 170°C into amorphous Sb2S3, according to Raman, 
and evolution of CS2, C2H5OH, CO, CO2, COS, H2O was detected by EGA-MS.  
A second endothermic step occurred at 170–255°C in argon, and 170–250°C 
in air, yielding crystalline Sb2S3, accompanied by the evolution of the same 
gases as in the first step. However, Sb2O3 was detected by Raman in the 
intermediate product exposed to 170°C in air. The Sb2S3 formed from SbEX in 
argon remained stable until its melting point of 550°C. At temperatures 
above 270°C in air, oxidation of Sb2S3 continued, resulting in Sb2O4 at 590°C. 
Thus, in principle, SbEX is considered a prospective and novel precursor for 
the preparation of Sb2S3 in air at around 170°C. Although, as partial oxidation 
of Sb2S3 is expected at ≈ 170°C, a method to prevent oxidation is required. 

4) Spraying a solution of SbEX at 105°C or 165°C by USP on a planar 
glass/ITO/TiO2 substrate in air yielded contaminated Sb2S3 after heat 
treatment at 225°C in vacuum, or crystalline Sb2O3, respectively. Thus, 
addition of thioamides to the spray solution and usage of a deposition 
temperature of 165°C was found to be necessary to prevent oxidation and 
contamination, according to XRD, Raman, and FTIR. Spraying a solution of 
SbEX/TU = 1/3 or SbEX/TA = 1/10 at 165°C by USP yielded phase pure, yet 
porous Sb2S3 thin films after heat treatment at 225°C in vacuum. Thus, 
increasing the deposition temperature to 215°C proved necessary to obtain 
continuous amorphous phase pure Sb2S3 thin films from a solution of SbEX 
by USP in air. Employing heat treatment at 225°C in vacuum yielded 
continuous phase pure crystalline Sb2S3 thin films with an atomic ratio of 
S/Sb = 1.5, Eg = 1.8 eV (SbEX/TU = 1/3) or an atomic ratio of S/Sb = 1.4, 
Eg = 1.8 eV (SbEX/TA = 1/10), respectively. Thus, the preparation of 
continuous phase pure Sb2S3 thin films by USP from SbEX was feasible, 
requiring a two-step approach, wherein amorphous Sb2S3 thin films were 
grown by USP in air with a thioamide additive, followed by crystallization at 
225°C, 2⋅10-1 Pa. 

 
In all, it was proven that continuous phase pure thin films of Sb2S3 can be prepared by 
USP in air from a solution of Sb(TU)3Cl3, SbEX/TU = 1/3 or SbEX/TA = 1/10 after adapting 
a two-step preparation sequence. Depositing a sufficiently thick amorphous Sb2S3 film by 
USP allowed to obtain a continuous film after heat treatment. Thus, USP was 
demonstrated as a robust and broadly applicable method to deposit continuous phase 
pure Sb2S3 thin films. Furthermore, planar solar cells, based on a Sb2S3 thin film grown by 
USP in air from a solution of Sb(TU)3Cl3, with state-of-the-art power conversion efficiency 
were demonstrated, paving the way for future development of solar cells prepared in 
part, or fully, by USP in air. According to thermal analysis results, SbEX is a suitable 
precursor for USP as SbEX decomposes into Sb2S3 at 170°C in an inert atmosphere. 
Moreover, thermal analysis provided the insight that heating SbEX to 170°C in air causes 
the resultant Sb2S3 phase to oxidize. The two-step deposition approach developed herein 
could possibly be adapted to deposit continuous thin films of other metal sulfide or 
selenides in air at elevated temperatures from solutions of halide-containing or -free 
coordination complexes.  
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Future outlook 
In parallel to the progression of this research, the knowledge base on tuning the 
morphology, phase composition and optoelectronic properties of Sb2S3 thin films and 
relevant highly efficient solar cells has expanded. 

A vertically aligned grain structure in Sb2S3 films is beneficial for η of solar cells due to 
a shorter charge carrier extraction path and a reduction in horizontally aligned grain 
boundaries in the bulk of the absorber [166], [167]. Controllable grain growth and 
passivation of the ETL has been achieved by either modifying the surface of the ETL [144], 
[145], or by depositing a seed layer [149]–[151]. Thus, developing vertically aligned grain 
growth in Sb2S3 thin films by USP via engineering of the solution composition and 
substrate surface appears to have merit. 

In addition, doping of Sb2S3 films has been attempted with less than a dozen elements 
so far, yielding an improvement in the morphology and electronic properties of the 
absorber and η of solar cells [108], [140], [141]. Thus, in situ doping of Sb2S3 thin films 
grown by USP is worth investigating after controllable grain growth has been achieved. 

Furthermore, post-growth heat treatment in a sulfurizing or selenizing atmosphere 
should be applied for Sb2S3 films deposited by USP. Applying this type of treatment has 
been demonstrated to increase the phase purity, and decrease the concentration of deep 
level defects in the bulk of Sb2S3 coatings grown by other methods [6], [118], [137]. 
Alternatively, the optoelectronic properties of Sb2(S,Se)3 films have been tuned by 
optimizing the ratio of S/Se during deposition, yielding η = 10.5 % in Sb2(S,Se)3 thin film 
solar cells [77]. 

In addition, the electronic properties of Sb2S3 thin films grown by USP have not yet 
been characterized systematically. Moreover, extensive characterization of the physical 
properties of USP-Sb2S3 films, including bulk and surface defects, is needed to provide 
feedback for technological parameters. 

As semitransparent PV is likely to be the main application for Sb2S3 thin film solar cells, 
a suitably transparent and stable HTL and back contact have to be developed. In addition, 
stabilization of all interfaces in the stack, and encapsulation is required to sustain the PV 
performance of the USP-Sb2S3 thin film solar cells over reasonable periods of time for 
practical applications. Thus, passivation of surface defects at all interfaces should be a 
priority. 
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Abstract 
Deposition of Sb2S3 thin films by ultrasonic spray pyrolysis for 
photovoltaic applications 
Converting sunlight to useable energy is one of the major processes that can satisfy the 
ever increasing global demand for electricity, while abiding by the conditions for climate 
neutrality. Evidently, converting sunlight to electricity does not pollute the environment 
or cause global warming. In addition, emerging technologies are based on affordable and 
available raw materials in order to intensify energy independence, and to decrease the 
environmental impact of freighting. However, environmentally friendly production of 
solar cells does entail a frugal consumption of materials and energy. To that end, novel 
solar cell concepts are being developed for various fields of application to produce 
pollution free energy. Some of these applications are, for example, semitransparent solar 
windows, tandem and bifacial solar cells. In addition to roof-mounted installations, 
building and product integrated devices, e.g. photovoltaic greenhouse glass, are also 
being developed. 

As the outlined applications require stable performance of photovoltaics for decades, 
research on solar cells based on a stable inorganic absorber, e.g. Sb2S3, has become 
relevant. Ensuring the formation of a continuous Sb2S3 film with an appropriate thickness 
is the most basic requirement to create a solar cell with appreciable power conversion 
efficiency. However, continuous phase pure Sb2S3 thin films, and corresponding solar 
cells have not been prepared by ultrasonic spray pyrolysis. Ultrasonic spray pyrolysis is 
an appropriate method for the task, as it is established, applicable in air, robust, rapid, 
and area-scalable. 

Therefore, the topic of this thesis is to prepare continuous phase pure Sb2S3 thin films 
for photovoltaic applications by ultrasonic spray pyrolysis in air to assess whether these 
films could be applied as the absorber in planar solar cells. In order to achieve the aim of 
the study, the effect of deposition temperature, precursor solution composition and 
concentration on the phase composition, elemental composition, optical properties and 
morphology of the prepared Sb2S3 thin films was investigated. In addition, solar cells 
were prepared based on the Sb2S3 thin films grown by ultrasonic spray pyrolysis, and the 
respective physical output parameters were studied. 

Films grown by spraying a solution of SbCl3 and thiourea in a molar ratio of 1/3 or 1/6 
were investigated. Spraying a solution of SbCl3 and thiourea in a molar ratio of 1/3 at a 
temperature of 220°C or a solution of SbCl3 and thiourea in a molar ratio of 1/6 at 210°C 
or 220°C yielded discontinuous crystalline phase pure Sb2S3 films. On the contrary, 
spraying a solution of SbCl3 and thiourea in a molar ratio of 1/6 at a temperature of 200°C 
yielded a discontinuous amorphous phase pure Sb2S3 thin film, which crystallized, yet did 
not change in morphology after heat treatment in vacuum at 170°C. Spraying a solution 
of SbCl3 and thiourea in a molar ratio of 1/3 at a temperature of 200°C or 210°C yielded 
a continuous amorphous 70–90 nm thick phase pure Sb2S3 thin film. Heat treatment of 
these films in vacuum at 170°C resulted in continuous crystalline phase pure Sb2S3 thin 
films. Thus, a two-step process proved suitable to deposit continuous uniform phase 
pure Sb2S3 thin films. 

Sb2S3 thin film that had been deposited from a solution of SbCl3 and thiourea in a molar 
ratio of 1/3 at a temperature of 200°C, and heat treated, were tested in planar thin film 
solar cells. According to the results of this study, the power conversion efficiency of solar 
cells depends on the thickness of the Sb2S3 absorber film. The highest power conversion 
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efficiency of up to 5.5 % was achieved in planar solar cells of ITO/TiO2/Sb2S3/P3HT/Au by 
employing a 100 nm thick Sb2S3 thin film. Preliminary results indicate that, in principle, 
the Sb2S3 thin films grown by ultrasonic spray pyrolysis are applicable as the absorber 
film in planar solar cells. However, further research and development is needed, because 
the films were not sufficiently uniform. The results of the storage time test indicate that 
the power conversion efficiency of an unencapsulated Sb2S3 solar cell is more stable over 
time compared to organic or perovskite photovoltaics. 

According to the knowledge at the time, it was unknown whether and how phase pure 
Sb2S3 thin films could be deposited from solutions of other coordination complexes.  
The suitability of antimony ethyl xanthate as a precursor for ultrasonic spray pyrolysis 
was assessed based on the results of the thermal analysis study. Antimony ethyl xanthate 
decomposed below 170°C into Sb2S3 in an inert atmosphere, but oxidized in air. 
Therefore, a two-step process was applied to deposit uniform continuous Sb2S3 thin 
films. Amorphous Sb2S3 thin films were deposited at a temperature of 215°C by ultrasonic 
spray pyrolysis in air from a solution of antimony ethyl xanthate and thiourea or 
thioacetamide in a molar ratio of 1/3 or 1/10. Heat treatment at a temperature of 225°C 
in vacuum proved appropriate to crystallize these thin films. The crystallized Sb2S3 thin 
films had Eg = 1.8 eV and S/Sb = 1.5 (thiourea based) or S/Sb = 1.4 (thioacetamide based). 

In conclusion, the preparation of compact phase pure Sb2S3 thin films by ultrasonic 
spray pyrolysis in air from a halogenide-containing and -free coordination complex 
solution was reported for the first time in the scope of this study. It was proven that 
highly efficient planar solar cells can be prepared from continuous Sb2S3 thin films  
grown by ultrasonic spray pyrolysis in air. In addition, it was demonstrated that the  
back-contact-less stack of glass/ITO/TiO2/Sb2S3 is in principle suitable for semitransparent 
photovoltaic applications, e.g. solar windows, bifacial tandem devices, as well as building 
and product integrated devices. Thus, the results of this study are useful for the 
preparation of continuous phase pure Sb2S3 thin films in an air environment, and also for 
the research and development of conventional and semitransparent solar cells and 
products based thereon. 
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Lühikokkuvõte 
Päikesepatareides rakendatavate Sb2S3 õhukeste kilede 
sadestamine ultrahelipihustuspürolüüsi meetodil 
Päikesevalgusest energia tootmine on üks peamisi tehnoloogiaid, millega täita pidevalt 
kasvavat ülemaailmset elektrienergia nõudlust kliimaneutraalsel viisil. Teatavasti ei 
saasta päikesevalgusest energia tootmine keskkonda ega põhjusta kliimasoojenemist. 
Lisaks põhinevad uued arendamisjärgus tehnoloogiad soodsal ja kättesaadaval toormel, 
et suurendada energiatootmise iseseisvust ja vähendada transpordi mõju keskkonnale. 
Selleks, et toota päikesepatareisid keskkonnasõbralikul viisil, on eeldatud, et materjali ja 
energiat tarbitakse säästlikult. Seetõttu kavandatakse ka uusi päikesepatareilahendusi 
erinevate kasutusvaldkondade jaoks. Uudsete rakenduste sekka kuulub näiteks 
päikesepatareide integreerimine läbipaistvates aknaklaasides, paaris- ja kahepoolsetes 
seadistes. Lisaks katusepaigaldistele on arendamisel ka ehitis- ja tooteintegreeritud 
seadised, nt päikesepatareiga kaetud kasvuhooneklaas. 

Päikesepatareide töövõime peab püsima aastakümnete vältel, mistõttu on oluline 
arendada vastupidavatel anorgaanilistel neeldumiskihtidel, nt Sb2S3, põhinevaid 
päikesepatareisid. Selleks, et valmistada arvestatava kasuteguriga päikesepatarei, peab 
Sb2S3 kile olema eelkõige pidev ja sobiva paksusega. Seni pole pidevaid faasipuhtaid Sb2S3 
õhukesi kilesid ega asjakohaseid päikesepatareisid ultrahelipihustuspürolüüsi meetodit 
rakendades valmistatud. Ultrahelipihustuspürolüüs sobib antud ülesande täitmiseks, 
sest see on kauaaegse arengu läbinud kiire võimekas ja suure tootmismahuga meetod, 
mida saab õhus rakendada. 

Käesoleva doktoritöö eesmärgiks oli valmistada faasipuhtad pidevad Sb2S3 õhukesed 
kiled ultrahelipihustuspürolüüsi meetodil, et hinnata, kuivõrd rakendatavad need on 
päikesepatareides. Töö eesmärgi saavutamiseks uuriti, kuidas sadestustemperatuur, 
lähteaine lahuse koostis ja lähteainete kontsentratsioon mõjutavad Sb2S3 õhukeste 
kilede faasi- ja elementkoostist, optilisi omadusi ja morfoloogiat. Lisaks valmistati 
ultrahelipihustuspürolüüsi meetodil sadestatud Sb2S3 õhukestest kiledest 
päikesepatareid ja uuriti nende füüsikalisi väljundparameetreid. 

Töös uuriti kilesid, mis olid sadestatud SbCl3 ja tiouurea moolsuhtes 1/3 ja 1/6 lahuse 
pihustamisel. Pihustades SbCl3 ja tiouurea moolsuhtes 1/3 lahust temperatuuril 220°C 
või moolsuhtes 1/6 lahust temperatuuril 210°C või 220°C tekkis kristalne ja faasipuhas, 
kuid ebaühtlane Sb2S3 kile. Seevastu, pihustades SbCl3 ja tiouurea moolsuhtes 1/6 lahust 
temperatuuril 200°C kasvas katkendlik amorfne faasipuhas Sb2S3 kile, mis kristalliseerus, 
kuid ei muutnud kuju pärast kuumutamist vaakumis temperatuuril 170°C. Pihustades 
SbCl3 ja tiouurea moolsuhtes 1/3 lahust õhus temperatuuril 200°C või 210°C tekkis 
ühtlane amorfne 70–90 nm paksune faasipuhas Sb2S3 kile. Kuumutades neid amorfseid 
kilesid vaakumis temperatuuril 170°C tekkis pidev kristalne faasipuhas Sb2S3 kile. Seega 
osutus, et kaheastmeline protsess sobis pidevate ja ühtlaste faasipuhaste Sb2S3 õhukeste 
kilede valmistamiseks. 

Sb2S3 kilesid, mis olid sadestatud SbCl3 ja tiouurea moolsuhtes 1/3 lahusest õhus 
temperatuuril 200°C, katsetati tasastes päikesepatareides. Töös selgus, et päikesepatarei 
kasutegur sõltub Sb2S3 neeldumiskihi paksusest. Parim kasuteguri väärtus 5.5 % saavutati 
ITO/TiO2/Sb2S3/P3HT/Au päikesepatareides, kui Sb2S3 kile paksus oli 100 nm. Esialgse 
katse tulemustest avaldub, et sisuliselt on ultrahelipihustuspürolüüsi meetodil 
sadestatud Sb2S3 kilesid võimalik kasutada tasase päikesepatarei neeldumiskihina.  
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Uurimis- ja arendustööga on siiski vaja jätkata, sest kiled ei olnud veel piisavalt ühtlased. 
Hoiustamiskatse tulemustest on näha, et kaitsekihtideta Sb2S3 päikesepatarei kasutegur 
on ajas püsivam kui orgaanilistel või perovskiit-päikesepatareideil. 

Senise teadmuse põhjal ei olnud kindel, kas ja kuidas on võimalik 
ultrahelipihustuspürolüüsiga sadestada faasipuhtaid Sb2S3 kilesid teiste 
kompleksühendite lahustest. Termilise analüüsi tulemuste põhjal hinnati, kas 
antimonetüülksantaat sobib ultrahelipihustuspürolüüsi lähteaineks. 
Antimonetüülksantaat lagunes temperatuuril alla 170°C, moodustades Sb2S3, mis säilitas 
inertkeskkonnas puhtusastme, kuid oksüdeerus õhus. Seetõttu rakendati ühtlaste 
pidevate Sb2S3 õhukeste kilede valmistamiseks kaheastmelist protsessi. Amorfsed Sb2S3 
kiled sadestati temperatuuril 215°C ultrahelipihustuspürolüüsi meetodil õhus 
antimonetüülksantaadi ja tiouurea või tioatseetamiidi lahusest, mis oli vastavalt 
moolsuhtes 1/3 või 1/10. Kilede kristallimiseks osutus sobivaks neid kuumutada 
vaakumis temperatuuril 225°C. Kristalliseerunud Sb2S3 kiledele arvutati Eg = 1.8 eV ja 
aatomsuhe S/Sb = 1.5 (tiouurea-põhine) või S/Sb = 1.4 (tioatseetamiidi-põhine). 

Kokkuvõtteks sadestati selle uurimustöö raames esmakordselt 
ultrahelipihustuspürolüüsi meetodil õhukeskkonnas halogeniidi-põhise, kuid ka -vaba 
kompleksühendi lahusest pidevad faasipuhtad Sb2S3 õhukesed kiled. Tõestati, et 
ultrahelipihustuspürolüüsi meetodil õhukeskkonnas sadestatud pidevatest Sb2S3 kiledest 
saab valmistada arvestatava kasuteguriga päikesepatareisid. Lisaks näidati, et 
tagakontaktita klaas/ITO/TiO2/Sb2S3 struktuur sobib põhimõtteliselt poolläbipaistva 
päikesepatarei rakendustes, nt päikesepatareiakendes, paaris-, kahepoolsetes ja ehitis- 
või tooteintegreeritud seadistes rakendamiseks. Seetõttu on antud uurimistöö 
tulemustest kasu nii pidevate puhtafaasiliste Sb2S3 kilede valmistamisel õhukeskkonnas, 
kui ka tavapäraste ja poolläbipaistvate õhukesekileliste päikesepatareide ning nendel 
põhinevate toodete edaspidisel arendamisel.
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Appendix 

Publication I 
J. S. Eensalu, A. Katerski, E. Kärber, I. Oja Acik, A. Mere, M. Krunks. “Uniform Sb2S3 
optical coatings by chemical spray method,” Beilstein Journal of Nanotechnology, vol. 
10, pp. 198−210, Jan. 2019, doi: 10.3762/bjnano.10.18. 
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1#$�/ �; �(" ;�#'��DC+YDCPYRYD\PY?�8) �A&#$%(%#%(" �BU�BC�ST:� f4 �(3 $%�')2V ;�%)#%�%) �32!#���#%(2�2=��DC+�=&$1%(2$#!�6�2&4'�($�>�%2�P5Q�RC�('�B?̂P�G f4 1% ;�B?-X,�ghLhi,�+]PJ?�@'�j-�32!F�2=�>�('��\/P\+,�%) $�%) �32!#���#%(2�2=��DC+�($�%) �HI�!(6#$;�%2��\/+k�('�1!2' �%2�%) � f4 1% ;�'%2(1)(23 %�(1�"#!& �2=�+?9$�'&33#�0,�789:�')2V ;�%)#%�%) �"(/�#%(2$#!�32; '�2=�>�12�� '42$;�%2�2$!0�\/HI,�#$;�%) �3#($�/#$;'�)#;�')(=% ;�($�1234#�('2$�%2�lHI,�($;(1#%($6�%) �=2�3#%(2$�2=�#�1234! f�V(%)�#�32� � ! 1%�2$ 6#%(" �3 %#!?�I:U�')2V ;�%)#%�2$!0��)23/2) ;�#!�\/HI�V#'�; % 1% ;�($�>?�:#3#$�')2V ;�%)#%�/#$;'�#%%�(/&% ;�%2�2$!0�>�V � �; % 1% ;?�7&�5%) ��($" '%(6#%(2$�/0�ST:�')2V ;�%)#%�%) � �#� �#44�2f(53#% !0�%)�  �!(6#$;'�4 ��32! 1&! �2=�>�V(%)�%) �'%�&1%&� �2=�5\PDRDCPDC+,�ghLhi�%) �HI�!(6#$;?�@112�;($6�%2�A&#$5%(%#%(" �BC�ST:,�>�12$%#($'�#44�2f(3#% !0�E-�32!F�2=�\/HI?�8) �'!(6)%�; <1( $10�2=�\�V#'�#!'2�2/' �" ;�/0�HUI�GE-�m�P�32!F�2=�%) 2� %(1#!�"#!& J?�8) �� 3#($($6�-�32!F�V#'�(; $%(< ;�#'�#32�4)2&'��\/P\+�/0�:#3#$?�8) � =2� ,�>�)#'�/  $�(; $%(< ;�#'�E-�32!F�\/G\PDRDCPDC+J+�Y�\/HI,�#$;�-�32!F�2=�#32�4)2&'��\/P\+?nopqrst�sustvwxw@112�;($6�%2�8y�1&�" '�2=�>�G7(6?�PJ,�%) �%) �3#!�; 123425'(%(2$�211&�� ;�($�%)�  �3#''�!2''�'% 4'�($�#�62$�($�%) ��#$6 �2=�EXYzXX�{D,�V) � #'�($�'0$%) %(1�#(�,�=2&��3#''�!2''�'% 4'�V � �2/' �" ;�($�%) ��#$6 �2=�EXY-EX�{D?�8) � $;2%) �3(1�'% 4�#%�z-�{D�($�/2%)�#%32'4) � '�('�%) �3 !%($6�42($%�2=�>,�/ 1#&' �($�!#/2�#%2�0�% '%,�#�3 !%($6�42($%�2=�>�2=�ee�m�B�{D�V#'�3 #'&� ;�2$�'!2V�) #%($6�($�#(��G|}h�e-�{D�($�*+P.,�ZzYeX�{D�($�*++.J,�V) � ($�#�"('12&'�#;) '(" �1! #��0 !!2V�!(A&(;�=2�3 ;?�8) �<�'%�3#''�!2''�'% 4�V#'� $;2%) �3(1�($�/2%)�#%32'4) � ',�#'�U8@�4 #_ ;�#%�B̂X�{D,�4� 1 ;($6�%) �U8y�3#f(3&3�#%�B+-�{D?�\(3(!#�!0,�($�/2%)�#%32'4) � ',�%V2�12$' 1&%(" � f2%) �3(1� ~ 1%'�211&�� ;�($�%) �' 12$;�3#''�!2''�'% 4�#%�P+-�{D�#$;�P-X�{D�($�#�62$,�#$;�P+-�{D�#$;�P̂-�{D�($�'0$%) %(1�#(�,�%26 %) ��V(%)�#�U8y�3#f(3&3�

���������BC�#$;�B+D�'4 1%�#!�;#%#�2=�>�($�1234#�('2$�%2�%) �!(% �#%&� �*++,�-+.
#�8) ��DCP�=&$1%(2$#!�6�2&4�V#'�&' ;�%2�1#!1&!#% �%) �4&�(%0�2=�>�V(%)�� '4 1%�%2�%) �_$2V$�#32&$%�2=�P5Q�RC?�8) � �V#'�2" �!#4�/ %V  $�%) �'(6$#!'�=2��%) ��DC+�=&$1%(2$#!�6�2&4�2=�P5Q�RC�#$;�%) ��DC+�=&$1%(2$#!�6�2&4�2=�>,�V)(1)�4� " $% ;�#11&�#% �($% 6�#%(2$�2=�%) ' �4�2%2$�4 #_'
D2342&$; BC�]�443 B+D�]�443 9$% 6�#!�2=�BC 7&$1%(2$#!�6�2&472&$;�($�> �(% �#%&� : = 72&$;�($�> �(% �#%&� : = > P5Q�RCDUD!+ e?PZ,�' e?PZ *-+. ee?BZ ee?BZ *-+. Y Y DCD!+DC+DRDC+ P?Be,�' P?Be *-+. Y +X?EP *-+. Y X?XB 5DC+P5Q�RC B?PX,�; B?PP *-+. P-?̂z P-?B̂ *-+. Y Z?PZ YDC+?̂XB,�' 4% ?̂X̂ *-+. Ẑ?-+ Ẑ?-X *-+. Y B?XX YDC5> B?̂e,�% B?̂X *++. B̂?XX BP?̂X *++. +?XX ?̂Bz YDC+?̂Ẑ,�A ?̂-- *++. eP?Be eB?XX *++. P?XX P?B-# YDCP5Y PPP?ZX PPB?̂X *++. Y Y YRYDY\P���������DR\a,�C\cD�#$;�CT D̀�'4 1%�#!�;#%#�2=�>�
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Publication IV 
J. S. Eensalu, K. Tõnsuaadu, I. Oja Acik, M. Krunks. “Sb2S3 thin films by ultrasonic spray 
pyrolysis of antimony ethyl xanthate,” Materials Science in Semiconductor Processing, 
vol. 137, p. 106209, Jan. 2022, doi: 10.1016/j.mssp.2021.106209. 
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kamY��YR)(*��,)1�)'�=7M7�.+2�/�;+(.�'()*�=7?A�7;�J=K9�5�8�=3(�;,1<���.)/0�,)1�)'�=7?AI�)(�=7?AD6G� D>���� &!"#�4(+��+.���3)()0.�/�;+(�4)1��,1,1<�=7�C>9�578�=3(�;,1<���.)/0�,)1�)'�=7?AD6J� D>�)(�=7?AD6G� D T���� >!Q &!"#�(+.0/�.�,1�3)()0.�/�;+(.�)'�=7�=>��'�+(�-+����(+��*+1��20+��)��-+�+B)/0�,)1�)'�)(<�1,4�(+.,20+.��(�33+2�H,�-,1��-+�/�;+(9�548�=3(�;,1<���.)/0�,)1�)'�=7?AD6J� D>�)(�=7?AD6G� D T����� !"#��12�3+(')(*,1<�-+����(+��*+1��;,+/2.�01,')(*�3-�.+�30(+��-,1�P/*.�)'�=7�=>I��.��-+��*)01��)'�)(<�1,4�(+.,20+.�,.�.0'P4,+1�/;�/)H9�

�i�i�dh�%c���h��c�i�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



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

�
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Processing, vol. 137, p. 106209, Jan. 2022, doi: 10.1016/j.mssp.2021.106209. 

2. J. S. Eensalu, K. Tõnsuaadu, J. Adamson, I. Oja Acik, M. Krunks. “Thermal 
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Popular science publications 

 
2021, April “Photovoltaic Glass Makes Windows a Source of Electricity”, 

English translation of Novaator, ERR article, Research in 
Estonia. 
https://researchinestonia.eu/2021/04/16/photovoltaic-
glass-makes-windows-a-source-of-electricity/ 

2021, March Laureate video for “Science in 3 minutes” competition 
organized by the Estonian Academy of Sciences. 
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Several countries have ambitiously promised to achieve net-zero carbon emissions (NZE) by 2050 to combat global warming and environmental pollution [1], [2]. The worldwide adaptation of NZE requires a swift transition from non-renewable energy sources, i.e. oil, coal, and nuclear (71 % of global electricity generation in 2019), to 70 % renewables, i.e. wind, water, and solar power by 2050 [3]. The optimistic NZE scenario requires increasing the annual installed capacity of photovoltaics (PV) fivefold by 2050 [3]. Accordingly, PV could contribute substantially to achieving NZE by 2050.

At present, crystalline silicon (c-Si), and thin film PV contribute 95 %, and 5 %, respectively, to the worldwide PV installation capacity [4]. Additionally, emerging PV, e.g. kesterites, dye sensitized solar cells, organic PV, perovskites, quantum dot PV, and binary chalcogenide PV, could support the effort toward achieving NZE. Currently, standalone, tandem and bifacial solar cells based on emerging PV and c-Si are considered promising for contributing to NZE. In addition, building integrated PV, e.g. solar windows, and product integrated PV, e.g. consumer products, are also perceived as viable applications for emerging PV. As these applications rely on long-term stability, solar cells based on inorganic absorber materials would be advantageous.

Among inorganic emerging PV technologies, Sb2S3 solar cells are increasingly more popular for semitransparent PV applications due to the stability of the material toward temperature, moisture, ultraviolet light, and oxidation, and an absorption coefficient of 105 cm1 in visible light, and a direct band gap = 1.7 eV [5]. Furthermore, as Sb, and S are abundantly available resources, there is definitely potential to prepare transparent Sb2S3 solar cells in a substantial installation capacity.

In order to produce solar cells in a capacity that contributes to achieving NZE by 2050, the fabrication process must be appropriate. Sb2S3 thin films have been commonly grown by chemical bath deposition, spin coating, atomic layer deposition, and ultrasonic spray pyrolysis (USP), yielding solar cells with η = 7.5 % [6], 4.3 % [7], 5.8 % [8], and 1.9 % [9] by 2017, respectively. The η achieved by USP-Sb2S3 solar cells was lower because the preparation of Sb2S3 films by USP was relatively unexplored. Thus far, Sb2S3 had been grown in a single step by USP on a planar substrate [9], and by a two-step process onto a nonplanar substrate [10].

USP is a robust and rapid solution based technique applicable for continuous deposition onto large substrates, e.g. window glass panes in air. Furthermore, spent feedstock can be recycled with commonly available processes to reduce waste. However, the processing conditions to deposit continuous planar Sb2S3 films must be developed.

The aim of this research is to deposit phase pure continuous Sb2S3 thin films with a uniform thickness by ultrasonic spray pyrolysis, and to apply the films in planar solar cells. The procedure to achieve the aim, and to understand the growth mechanism of Sb2S3 thin films by ultrasonic spray pyrolysis was developed by tuning the deposition conditions for a halogenide-based, and a halogenide-free precursor solution. The suitability of the halogenide-free precursor for the purposes of the thesis was investigated by thermal analysis. Planar Sb2S3 thin film solar cells were prepared from the halogenide-based precursor solution using ultrasonic spray pyrolysis. The effect of absorber thickness, cell area, storage time, and light intensity was investigated for these solar cells to provide a more thorough understanding of the photovoltaic performance of Sb2S3 solar cells, and to identify possible challenges.

The novelty of this study is that the technological route was developed for preparing continuous phase pure Sb2S3 thin films on a planar substrate from a solution of Sb(TU)3Cl3 by a two-step process. The methodology was developed by varying the solution composition and USP deposition temperature, and the post-deposition heat treatment temperature. Furthermore, it was proven that these Sb2S3 thin films grown by USP are applicable for use in planar thin film solar cells, yielding up to 5.5 % power conversion efficiency after optimizing the thickness of the absorber. Moreover, the applicability of antimony ethyl xanthate (SbEX) as a precursor for depositing Sb2S3 thin films by USP was assessed via thermal analysis and solid SbEX decomposition product analysis. Finally, 
the technological route to deposit continuous phase pure Sb2S3 thin films was developed based on the results of varying the solution of SbEX/thiourea or SbEX/thioacetamide, deposition temperature and precursor solution composition.

This thesis is based on four published papers, and contains three chapters. The first chapter is a literature overview of established and emerging photovoltaics with a focus on Sb2S3 as a photovoltaic material. Development of Sb2S3 solar cells before 2017, and in parallel to this thesis is discussed. Deposition methods used to grow Sb2S3 thin films for photovoltaic applications are described. USP as a prospective deposition method is discussed at length. The hypothesis and the aim of this thesis conclude the literature survey. The applied experimental procedures and characterization methods are summarized in the second chapter. The third chapter containing the results and discussion of the thesis is divided into four sections.

The first section in the results and discussion chapter summarizes the results of paper I and II on depositing uniform phase pure Sb2S3 thin films by USP at different deposition temperatures, and at different molar ratios of SbCl3 and thiourea (TU) in the solution. The second section summarizes the results of paper II on the photovoltaic performance of solar cells based on a Sb2S3 thin film grown by USP from a solution of SbCl3/TU = 1/3. The third section summarizes the results of paper III on the thermal analysis of SbEX as a possible halogenide-free precursor to deposit Sb2S3 thin films by USP. The fourth section summarizes the results of paper IV on the deposition of Sb2S3 thin films by USP from a solution of SbEX with TU or TA at different deposition temperatures.

This thesis is directly related to the ongoing research projects in the Laboratory of Thin Film Chemical Technologies, which focus on the development of antimony chalcogenide thin films by chemical and physical processes for application in transparent, bifacial, and conventional thin film solar cells. The research in this thesis was funded by the Estonian Ministry of Education and Research project IUT19-4, the Estonian Research Council grant PRG627, the European Regional Development Fund project TK141 “Advanced materials and high-technology devices for energy recuperation systems”, the project “Development of Semi‐Transparent Bifacial Thin Film Solar Cells for Innovative Applications” contract with the Research Council of Lithuania (LMTLT), No S-BMT-21-1(LT08-2-LMT-K-01-003) financed by Iceland, Liechtenstein and Norway through the EEA Grants, and the European Council grant H2020 ERA Chair Emerging next generation photovoltaics, 5GSOLAR (2020–2026) Grant agreement ID: 952509. The research in this thesis was also partially supported by ASTRA “TUT Institutional Development Programme for 2016–2022” Graduate School of Functional Materials and Technologies. DoRa+ 1.1 travel scholarships to international conferences were financed by the Archimedes Foundation.
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		ALD

		Atomic layer deposition



		AM1.5G

		Air mass 1.5 global



		a-Si

		Amorphous silicon



		AVT

		Average visible transmittance



		BIPV

		Building integrated photovoltaics



		CBD

		Chemical bath deposition



		CIGS

		Cu(In,Ga)(S,Se)2



		c-Si

		Crystalline silicon



		CSS

		Close spaced sublimation



		CSP

		Chemical spray pyrolysis



		CZTS

		Cu2ZnSn(S,Se)4



		D

		Droplet diameter



		DSSC

		Dye sensitized solar cells



		EDX

		Energy dispersive X-ray spectroscopy



		Eg

		Band gap



		EQE

		External quantum efficiency



		ETL

		Electron transport layer



		f

		Frequency



		FF

		Fill factor



		FTIR

		Fourier transform infrared spectroscopy



		HTL

		Hole transport layer



		J–V

		Current density–voltage



		JSC

		Short circuit current density



		MAFAPBI

		(CH3NH3)1-x(NH2CHNH2)xPb(Br,I)3



		NZE

		Net zero carbon emissions



		NMR

		Nuclear magnetic resonance spectroscopy



		OPV

		Organic photovoltaics



		P3HT

		Poly(3-hexylthiophene-2,5-diyl)



		PCPDTBT

		poly(2,6-(4,4-bis-(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-b´]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)



		PEDOT:PSS

		poly(3,4-ethylenedioxythiophene) polystyrene sulfonate



		PV

		Photovoltaic



		QD

		Quantum dot



		RS

		Series resistance



		RSH

		Shunt resistance



		SEM

		Scanning electron microscopy



		SbEX

		Antimony ethyl xanthate



		Spiro-OMeTAD

		2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene



		TA

		Thioacetamide



		TG/DTA-EGA-MS

		Thermogravimetry/differential thermal analysis-evolved gas analysis-mass spectrometry



		TCO

		Transparent conductive oxide



		TU

		Thiourea



		USP

		Ultrasonic chemical spray pyrolysis



		UV-VIS

		Ultraviolet-visible light



		VOC

		Open-circuit voltage



		VTD

		Vapor transport deposition



		Wp

		Watt-peak



		XES

		Soft X-ray emission spectroscopy



		XPS

		X-ray photoelectron spectroscopy



		XRD

		X-ray diffraction



		α

		Light absorption coefficient



		

		Surface tension



		η

		Power conversion efficiency



		

		X-ray diffraction incidence angle



		

		Volumetric mass density
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This chapter presents an overview of the fundamentals of photovoltaics, established and emerging photovoltaic technologies. The materials properties, common thin film deposition methods and development of solar cells pertaining to antimony sulfide (Sb2S3) is presented. A more thorough discussion is presented on ultrasonic chemical spray pyrolysis (USP) as a deposition method, and the selection criteria of precursors for the preparation of Sb2S3 thin films by the USP method. Power conversion efficiency (η) of all solar cells is reported at air-mass 1.5 global (AM1.5G) conditions throughout the thesis, unless explicitly mentioned otherwise.
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A photovoltaic cell, or solar cell, is the smallest independent building block of photovoltaic modules. The built-in electric field at the p-n-junction formed at the interface of a p-type and an n-type semiconductor separates photogenerated electrons and holes, generating photocurrent under illumination [11].

In heterojunction thin film solar cells, the p-type semiconductor is usually the absorber layer and the n-type semiconductor is the buffer layer [11], [12]. Commonly, absorber materials with a direct band gap of 1.0–2.0 eV, and an absorption coefficient (α) of 
104–105 cm1 in visible light, are applied [11], [12]. The buffer is a generally a wide band gap n-type semiconductor that bridges the energy levels of the absorber and the n-type transparent conductive oxide (TCO) front contact [12], [13]. The buffer is also used to prevent shunting between the absorber and cathode, and to compensate for any potential mismatch in the crystal structure of the cathode and the absorber [12], [13].

Emerging heterojunction thin film solar cells often contain a p-i-n junction, where an intrinsic (i-type) absorber is sandwiched between the n-type buffer or electron transport layer (ETL) and the p-type hole transport layer (HTL). The benefit of a p-i-n vs p-n junction is that the depletion region is wider, which potentially increases the photon absorption yield, and that i-type absorbers can be used.
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In this section, an overview is provided on established photovoltaic technologies.

Photovoltaic installations are estimated to consist globally of 95 % crystalline silicon (c-Si) PV and 5 % thin film PV, i.e. a-Si (0.1 %), CIGS (1.1 %), and CdTe (3.8 %) modules [4]. Evidently, c-Si PV is expected to contribute the most to fulfilling NZE PV targets. Gallium arsenide (GaAs) is the most efficient PV technology in single junction or multi junction configuration [14], however, it is too expensive for terrestrial use at present.
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The current record power conversion efficiency (η) of silicon modules is 26.7 % at AM1.5G, held by n-type c-Si [4]. This η is 80 % of the Shockley-Queisser limit for single junction cells with Eg = 1.1 eV [15], [16]. Hence, η of c-Si PV will likely be remarkably increased only by constructing a two-cell tandem with a 1.7 eV top cell and c-Si bottom cell to overcome the single junction limit [17]. The concept has been proven by η = 29.2 % achieved with a perovskite/c-Si two terminal laboratory solar cell [14]. The main issue with the two-cell tandem is ensuring a competitive module price and that the top cell performs on par with the bottom cell for an expected lifetime of 20–30 years.

Power generation can also be boosted by constructing bifacial solar cells, wherein light is absorbed from the front and back of the solar cell to boost energy production by some 20–30 % [18]–[20]. The record η of bifacial c-Si is 24.0 % [14]. Furthermore, reducing greenhouse gas emissions in the energy intensive c-Si processing life cycle is of critical importance for NZE [4], [21], as is consuming less silver (Ag) for contacts and less tin (Sn) for solder per module [22]. The aim to reduce the energy intensity of c-Si PV fabrication triggered the development of thin film PV [23].
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The earliest thin film PV to be developed was amorphous silicon (a-Si), which has an Eg = 1.7 eV and a single junction cell record η = 10.2 % [14]. The prompt degradation of η of a-Si to less than 8 % in sunlight has motivated the development of double and triple junction a-Si devices and a-Si/c-Si devices [23].

CdTe has an Eg = 1.45 eV and a high absorption coefficient in visible light, which makes it a top contender for thin film PV applications, considering that η = 22.1 % (cell) and 19.0 % (module) has been attained [4], [23]. Despite the accelerated growth of the installation capacity and recycling of CdTe PV in the United States [4], [24], Cd containing electrical goods are banned in Europe [25], as cadmium (Cd) and its compounds are listed as carcinogens [26]. The aversion to CdTe is potentially unfounded, as CdTe is reportedly 100 times less toxic than elemental Cd [27], and is claimed to pose a negligible hazard throughout its life cycle [13].

Aside from the controversy on toxicity of CdTe, the availability of tellurium (Te) is limited. Te is a byproduct of copper mining at a primary supply of 490 t yr1 of Te ($55 kg1) [22], [28]. As 40 % of Te is already used to produce CdTe PV [28], the maximum installation capacity of CdTe PV is estimated at 14 gigawatt-peak per year (GWp yr1), based on the current 5.7 GWp yr1 [4], by assuming a constant capacity of Te refining.

CuInxGa1-xSySe2-y (CIGS) is popular for thin film PV due to a high absorption coefficient = 105 cm1 in visible light and a tunable bandgap = 1.0–1.7 eV [29]. Although trailing in annual installation after CdTe PV, CIGS PV leads in efficiency, with η = 23.4% for Cd-free cell and η = 19.2 % for module [4].

The main concern with upscaling production of CIGS PV modules is the availability and price of high purity In (900 t yr1; $400 kg1), Ga (300 t yr1; $570 kg1), and, to a degree, Se (2900 t yr1; $44 kg1) [22], [28]. Thus, by replacing In and Ga in other applications, e.g. In2O3:Sn (ITO) coatings and GaN light emitting diodes [28], and by recycling nearly all of In and Ga, the maximum installation capacity of CIGS PV is estimated to be 31 GWp yr1.

Nowadays, the most efficient CdTe modules are fabricated in the front to back superstrate configuration (glass/TCO/MgZnO/CdSexTe1-x/2–8 m CdTe/back reflector/metal) [12], [13]. State of the art CIGS modules are mostly fabricated in the opposite substrate configuration (glass/Mo/1–2.5 m CIGS/Cd-free buffer/intrinsic ZnO/n-type ZnO/antireflect) [12], [30]. In either case, the layers are deposited from the most to the least heat tolerant by reducing the deposition and post-growth treatment temperature for every consecutive step. This allows to avoid uncontrolled diffusion of elements in bulk phase and provides control over intermixing at interfaces that can otherwise influence η [12], [13].

Regarding applications, c-Si, a-Si, CdTe, and CIGS modules are intentionally opaque to maximize photogenerated current and to minimize loss of η related to the bulk of the absorber [12], [13]. Accordingly, conventional PV is mostly installed onto opaque surfaces, e.g. solar fields [4], [31], and onto floors, walls and roofs as building attached PV [32].
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Emerging PV encompasses prospective photovoltaic technologies that have yet to reach the market [14]. In case an emerging PV technology reaches maturity in terms of reasonable price per watt and module lifetime, solar fields similar to conventional PV could be built. The increasing demand for renewable PV energy to achieve NZE could also be partially met by combining conventional and emerging PV into bifacial and tandem solar cell PV arrays, as outlined in section 1.2.1. Emerging PV could thereby add value to industrial scale conventional PV installations as the semitransparent top cell in tandem solar cells in both single sided and bifacial configuration.

However, ground PV installations compete for flat land with agriculture, forests, real estate development, and wildlife habitats [33]. Thus, the installation capacity of PV could be accelerated by utilizing the surface area on the outside of buildings, infrastructure, and vehicles. Conventional PV is opaque, and is therefore appropriate for nontransparent surfaces. Semitransparent emerging PV, however, could be applied on e.g. windows, skylights, transparent walls, and product integrated PV.

Therefore, in search of novel ways to increase PV production capacity by inexpensive and environmentally sustainable means, this section reviews the status quo and potential applications of representative emerging photovoltaic technologies. Namely, kesterites, dye-sensitized solar cells, organic PV, quantum dot cells, perovskites, and select binary inorganic absorber thin film PV are discussed. In addition, the timeline of record laboratory scale emerging PV cells is presented in Figure 1.1.

Emerging PV is often grouped according to historical trends, the choice of active layers (inorganic, organic, or hybrid; liquid or solid), and the morphology of layers in the solar cell. Structured solar cells incorporate meso- or nanoporous materials, or elongated nanostructures in one or more layers in the stack, mostly as a scaffold for the absorber [35]–[37]. Planar, or flat solar cells are composed of horizontally stacked thin films [5], [38], [39], mirroring the conventional CdTe and CIGS thin film PV structure.

Kesterite, i.e. Cu2ZnSn(SySe1-y)4 (CZTS) PV development was started due to the limited availability of Ga, In, and Te for production of CIGS and CdTe, vide ante section 1.2.2, as Cu, Zn, Sn, and S are abundantly available at low cost as primary mining products [22], [28]. The record η = 12.6 % of kesterite PV was achieved in 2014 [40], whereas η obtained with cation-substituted CZTS derivatives has been lower thus far [41]. The lag in progression of η beyond the current level in kesterite solar cells has been attributed to band tailing and the open circuit voltage deficit that originates from uncontrollable detrimental deep-level defects in the absorber [41]. Currently, efforts are ongoing in dedicated worldwide research networks to overcome these issues.

Dye-sensitized solar cells (DSSCs) pioneered the “third generation” of PV after c-Si and thin film PV [42], [43]. In a typical DSSC, a thin layer of an organic, mostly Ru-based, light absorbing dye is pasted onto a mesoporous TiO2 underlayer, and a redox electrolyte or an organic hole transport layer (HTL) between the dye and the back contact effectuates charge transport [43]. Since the advent of DSSC in 1991, the record η of DSSCs reached a plateau of  11 % in the late 1990s, and was improved to η = 13.1 % in 2018 (Figure 1.1) with the use of Cu-complex redox electrolytes [44]. The reliance on organic materials means that the dye, redox electrolyte, and organic HTL in DSSCs require protection via encapsulation against ultraviolet light, humidity, and overheating to preserve η over a reasonable module lifetime [45]–[47].
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Organic photovoltaics (OPV) were created by replacing the absorber dye with a solid polymer. The record η of OPV has evolved from under 4 % in 2001 to 18.2 % in 2020 (Figure 1.1). Flexible and ultralight OPV modules can be rapidly produced by inexpensive solution processing at mild temperatures [48], [49]. Similarly to DSSC, however, the organic components in OPV are also sensitive to moisture, UV, and elevated temperature [50]–[52]. The issues related to instability of OPV has resulted in area scaling lag of η [49].

The extreme dependence of η of OPV on light intensity has garnered interest in the field of light scavenging in low-light [53]. Further yet, the light absorption spectrum and visual transparency of OPV modules is modifiable at the cost of reduced η, as illustrated by transparent OPV with η = 10.8 % at an adjusted average visible transparency (AVT) of 50 % [54], and infrared-active OPV with up to η = 9.8 % [55].

Perovskite solar cells were initially also based on DSSC, yet are closer to thin film PV. Perovskite PV is highly efficient and inexpensive to fabricate, being the most actively developed emerging PV technology on the verge of commercialization [35], [56]. 
The record η of perovskite PV, at first with a liquid electrolyte, leaped from 3.8 % in 2009 [57], to 25.6 % in 2021 [58], having undergone several transformations in the solar cell stack in the process [35]. Perovskites are grouped into mixed organic-inorganic, e.g. (CH3NH3)1x(NH2CHNH2)xPb(Br,I)3 (MAFAPBI), inorganic metal chalcogenides-halides, and metal oxides [35], [56]. The facile tuning of the cation and anion in perovskites allows to tailor the structure and optoelectronic properties of the absorber, e.g. composition dependent band gap engineering [35], [56].

Metal halide perovskites tower over other perovskites in terms of the record η achieved, although the organic cations and halide anions in the perovskite lattice create a considerable stability problem due to phase segregation induced by temperature, ultraviolet light and hygroscopicity [35]. Evidently, the deterioration of η over time must be addressed to commercialize perovskite PV.

Although the highest η in perovskite PV has been consistently achieved with the use of lead (Pb) compounds [35], Pb compounds are banned in the European Union and other countries [25] due to neurotoxicity and bioaccumulation [59], [60]. Unlike CdTe, MAFAPBI compounds are unstable and water soluble, necessitating extremely strict measures and module encapsulation techniques [61], which dampens the positive aspects of perovskite PV. Replacing Pb with Sn, Bi, Sb or other metals in perovskite has resulted in increased stability, yet decreased η [35], [62]. According to life cycle analysis, the environmental impact of Pb-perovskite PV will depend on the scale of production and the thoroughness of the safety measures applied in the module’s life cycle [63].

Extremely thin inorganic absorber (ETA) solar cells are a combination of a mesoporous or nanowire core-shell scaffold with an ETA shell instead of a dye [10], [37], [64]–[66]. The motivation behind ETA solar cell research is that a 15–20 nm thick layer of a material with a high absorption coefficient can be applied to theoretically achieve η = 15% at negligible materials usage due to a geometrically enhanced interface area [67]. 
The standing record η of ETA solar cells is 9.0 % in combination with a PbS quantum dot absorber [68].

Quantum dot (QD) PV is based on growing the absorber layer as an array of 
solution-deposited colloidal quantum dots onto flat or structured substrates [69], [70]. The main feature of QD cells is that by synthesizing absorber nanoparticles in the size range of the Bohr exciton radius, the absorption spectrum of the absorber can be freely tuned [69]. The record η of QD cells has increased from under 4 % in 2010 to 18.1 % in 2020 (Figure 1.1), exemplifying the future perspective of this technology.

Transitioning further toward conventional thin film PV, solar cells based on several metal chalcogenide absorbers other than CIGS and CdTe are being explored. A non-comprehensive list of representative elementary, and binary oxide, sulfide, and selenide absorbers with the corresponding solid state solar cell record η achieved before 2017 is as follows: 
Se (6.5 %) [71], Cu2O (8.1 %) [72], SnS (4.4 %) [73], Ag2S (3.2 %) [74], Sb2S3 (7.5 %) [6], Sb2Se3 (5.9 %) [75], and Bi2S3 (3.3 %) [76]. Judging by the absolute value and the relative increase in record η in the last decade, Sb2S3 and Sb2Se3 are considered among the most promising emerging chalcogenide absorber materials for further study.

In addition, emerging ternary and quaternary inorganic PV absorbers are often combinations of the aforementioned elements or binary compounds, e.g. AxSby(S,Se)z, 
(A = Cu, Ag, Sn, Bi) [41]. Among ternary materials, a most prospective solar cell η = 10.5 % was achieved in 2020 by applying a hydrothermally grown planar Sb2(S,Se)3 thin film absorber [77]. Considering the appreciable η achieved in solar cells based on Sb2S3, and Sb2Se3 before 2017, (and later Sb2(S,Se)3), this class of metal chalcogenides will be scrutinized further in section 1.4.

Currently, research in materials science and photovoltaics is application oriented. Thus, the development of materials generally culminates in the preparation of a device. The progressive scale-up and cost reduction of c-Si PV solar cells indicates that the perhaps the most rapid way to implement emerging PV is in combination with conventional PV as tandem solar cells. For example, two-cell tandem solar cells based on a combination of e.g. perovskite/c-Si and perovskite/CIGS, have yielded η = 29.2 %, and 24.2 %, respectively [14]. Thus, the synergy between emerging and conventional PV in tandem devices could accelerate achieving NZE targets.

Semitransparent PV is one of the prospective applications for emerging PV that faces the least competition. In addition to η, semitransparent PV is assessed by the average visible transmittance (AVT), corresponding color temperature, and color rendering index [78]. The AVT is the average transmittance of the solar cell in the visible wavelength range, which has not yet been standardized, and it must be at least 20–30 % for solar cells to qualify as semitransparent [78]–[80].

Thus far, most studies on transparent PV have focused on improving η and AVT [80], [81], with fewer studies on color tuning [54]. Based on estimations made for transparent OPV, the module cost could be $0.47 Wp1 at an energy payback time of 2–6 years [81]. OPV solar cells can be made color neutral, yielding η = 10.8 % with human eye adjusted AVT = 50 % in visible light [54]. Semitransparent halide perovskite PV has yielded η = 13 % with AVT = 26 % at 350–900 nm wavelength [82] Regarding module stability, semitransparent PV can be protected from humidity and atmospheric pollutants at little to no extra cost by filling the space between glass panes with inert gas and airtight sealing. As the described sequence is already a standard procedure in the window glass manufacturing industry, encapsulating semitransparent PV is likely not a major concern.
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This section provides a more thorough overview of Sb2S3, Sb2Se3, and Sb2(S,Se)3 as some of the most prospective emerging absorber materials. Related ternary and quaternary compounds are also briefly discussed.
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The absorber class encompassing Sb2S3, Sb2Se3, and Sb2(S,Se)3, has been investigated for PV applications during more a decade due to the isostructural single phase composition, and a high optical absorption coefficient of 105 cm1 at 2.8 eV [83]. Moreover, the band gap can be tuned to 1.1–1.7 eV in bulk or as a gradient of film thickness by varying the proportion of S/Se in the material [5], [83]. The tailored band gap is useful for both Sb2S3/Sb2Se3 two-cell tandem [84], and Sb2S3, Sb2Se3, and Sb2(S,Se)3 based solar cells, [5], [83]. Furthermore, the high absorption coefficient allows to thin the absorber to α1 (100 nm) for transparent applications at a loss of 40 % of the theoretical maximum η [85].

The orthorhombic Pnma structure (Figure 1.2), composed of infinite quasi-1D [Sb4(S,Se)6]n ribbons, leads to anisotropic properties [86]–[88]. As Sb2S3, Sb2Se3, and the solid solution of Sb2(S,Se)3 are isostructural [89], their structural and optoelectronic properties are predictably similar.
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[bookmark: _Ref80255887]Figure 1.2. Unit cell of Sb2S3. Drawn using VESTA [90] and data from [91].

[bookmark: _Toc80867081][bookmark: _Toc82173888][bookmark: _Toc83221883]The anisotropic structure of Sb2S3 is reportedly beneficial for PV applications as it influences the band position and formation of defects [5]. Moreover, the resistivity along ribbons was found to be 100 times smaller than across ribbons [92]. Furthermore, grain boundaries in Sb2Se3 were confirmed to be electrically benign based on first principles simulations, as the predominant surfaces were calculated to have low surface energy, 
no dangling bonds, and deep-level defect free band gaps [5], [93]. Aligning the crystallites and grains to minimize recombination in the bulk and the distance travelled by charge carriers, however, entails engineering of the crystal structure [93]. Ideally, preferred orientation is sought in the (211), (212), or (010) direction of the Pnma structure in relation to a flat horizontal substrate surface [93].

The development of solar cells based on Sb2S3 thin films was pioneered by Savadogo and Mandal in the early 1990s [94]–[96], wherein η = 5.5 % was achieved with a glass/ITO/Sb2S3/WO3/Pt thin film solar cell with a W-halogenide light source [96]. Over a decade later, research on Sb2S3 for PV applications was reinvigorated, mostly as a sensitizer for mesoporous and nanostructured TiO2 scaffolding similarly to DSSC, OPV and ETA cells, culminating in the standing record η = 7.5 % [6], [66], [97]–[100].

In addition, in 2021, it was confirmed by studying Sb2S3 films with S-rich and Sb-rich composition, grown by thermal co-evaporation, that this crystal structure can accommodate impurity atoms to a certain degree, and that preparing a S-rich atomic ratio of S/Sb increases η of solar cells (6.2 %) compared to an Sb-rich an atomic ratio of S/Sb (η = 5.0 %) due to beneficial defect engineering [101].

Furthermore, during aging, fresh surfaces of Sb2S3 (and Sb2Se3 [102]) are passivated by a few nm of natural oxide, which is claimed to be beneficial for PV, as it reportedly reduces surface recombination or the back contact barrier height at the absorber/HTL interface, thereby boosting FF, and η [66], [103]. Aside from oxidation, Sb2S3 is chemically stable toward moisture and UV-VIS irradiation, alkali and acids, except concentrated hot HCl [104], [105], which is a major advantage compared to organic materials and labile halide perovskites. The stability of Sb2S3 is accompanied by a prohibitively high resistivity of 104–108  cm [106]–[109], and ultrafast intrinsic self-trapping of photogenerated charge carriers by lattice deformations, which was reported to set the open-circuit voltage (VOC) limit for Sb2S3 solar cells to 0.8 V, and maximum attainable η = 16 % [110]. 


The aforementioned issues have been identified as some of the main bottlenecks that need to be addressed to increase η of Sb2S3 solar cells closer to the Shockley-Queisser limit.

As the absorber material itself is suitable for PV, some practical considerations have to be accounted for before committing to applying it for PV. For instance, the melting point of Sb2S3 = 546°C [104], and that of Sb2Se3 = 612°C [104], allows to recrystallize the Sb2S3 absorber at 300°C [5], [83], and Sb2Se3 at 400°C [83]. These temperatures are well below the softening point of float glass of 500–550°C [12], [13], which is a base requirement for developing inexpensive transparent PV or bifacial PV. Interestingly, crystallization is achievable at even lower temperatures, as in 2021, Sb2(S,Se)3 was crystallized at as low as 200°C [111], opening up possibilities for these materials in combination with a wide selection of flexible organic substrates.

Furthermore, according to supply data from 2021, the annual supply of Sb ($8.8 kg1, 1.5105 t yr1) and S ($0.09 kg1, 7.8108 t yr1) [28] as two affordable primary mining products is sufficient for producing PV modules in the GWp–TWp scale (66 t Sb2S3 yr1 up to 6.6104 t Sb2S3 yr1, respectively), assuming an absorber thickness of 1 m and a conservative module η = 5 %.

Sb2S3 and Sb2Se3 become Sb-rich in elemental composition at a temperature above the respective crystallization point due to incongruent sublimation of S and Se [112], [113]. This results in the generation of point defects detrimental to solar cell η [6], [114]. Hence, S and Se content is often supplemented during deposition [9], [115], [116], or remediated in post-growth heat treatment with e.g. S, H2S, Se or H2Se [6], [117], [118]. In fact, the high partial pressure of S and Se presents an opportunity to in situ engineer the elemental composition of Sb2S3 and Sb2Se3 films during preparation.

In terms of PV applications, Sb2Se3 and Sb2(S,Se)3 solar cells with η > 1 % first appeared in 2014 [119], [120]. Since then, η of solar cells has rapidly grown to 9.2 % for Sb2Se3 [121], and to 10.5 % for Sb2(S,Se)3 [77], following numerous conceptual improvements, e.g. grain control and use of HTL [122], or favorable preferred orientation [123]. Theoretically, without considering defect-related losses, a 200 nm thick layer of Sb2S3 or Sb2Se3 would be sufficient to construct solar cells with η = 22 % or 28 %, respectively [124]. Therefore, once the challenge of defect engineering of the antimony chalcogenide series has been surmounted, η of Sb2S3, Sb2Se3, and Sb2(S,Se)3 solar cells comparable to that of conventional PV could likely be prepared.
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In addition to Sb2(S,Se)3, other ternaries and some quaternaries based on Sb2S3 or Sb2Se3 have been explored for PV applications partially based on the concepts developed in CIGS and CZTS studies. Currently, the record η of these thin film solar cells is as follows: CuSbSe2 (4.7 %), CuSbS2 (3.2 %), SbSI (3.1 %), Sb0.67Bi0.33SI (4.1 %) [41]. The future perspective of these ternary and quaternary materials is difficult to gauge, as understanding of even the binary compounds and Sb2(S,Se)3 is quite limited at present. Regarding Cu-Sb-compounds, the tendency for Cu to form several phases of Cu-Sb-S [125] could prove to be problematic, especially after heat treatment. In addition, Cu is known to diffuse in bulk phases at moderate temperatures, as observed in CIGS, CdTe [12], [13], and Sb2S3 [126]. Thus, at present, the Sb-chalcogenide-halides appear to be more advantageous for PV than the Cu-Sb-based compounds.
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Regarding Sb2S3, Sb2Se3, and Sb2(S,Se)3, in terms of fabrication of thin films and coatings, Sb2S3 is mostly grown by chemical methods, whereas Sb2Se3 is mostly grown by physical methods, and Sb2(S,Se)3 is prepared by both types of methods [5], [83], [114]. 
The research group hosting this study had previous experience with the deposition of Sb2S3 by ultrasonic spray pyrolysis, which is a chemical method. Also, the record η of Sb2S3 solar cells was higher than for Sb2Se3 and Sb2(S,Se)3 solar cells at the start of research relevant to this thesis in Sept, 2017. Thus, a brief overview of representative solar cells based on Sb2S3 thin films grown onto planar and structured substrates is provided in this section.

[bookmark: _Toc90996398]Structure of Sb2S3 solar cells

The structure of the Sb2S3 solar cell stack has developed similarly to the trends in DSSC, CdTe and perovskite research. Therein, the solar cell stack is composed of a TCO front contact, an ETL, an absorber, a HTL, and a metal back contact. The stack is grown onto a transparent substrate starting from the front contact (superstrate type) or onto an optionally transparent substrate starting from the back contact (substrate type).

Float glass is a standard substrate for PV because it is inexpensive, transparent and durable. Commonly, TCOs with a band gap of 3–4 eV, e.g. In2O3:Sn (ITO), SnO:F (FTO), or ZnO:Al (AZO), serve as the front electrode, or cathode (Figure 1.3) [127]. An n-type TiO2, CdS, ZnO, or SnO2 coating is used as the ETL due to passable alignment of the conduction band minima, a sufficient offset in the valence band maxima, and a tolerable lattice mismatch with Sb2S3 [127]. In some studies, the ETL is constructed as a bilayer [127], e.g. TiO2/In(OH,S) in FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/CuSCN:KSCN/Au [66], TiO2/CdS in FTO/TiO2/CdS/Sb2S3/spiro-OMeTAD/Au [128], or ZnO nanowire/TiO2 in FTO/ZnO nanowire/TiO2/Sb2S3/P3HT/Au [10], to reduce charge recombination at the ETL/Sb2S3 interface.



[image: ]

[bookmark: _Ref80888135]Figure 1.3. Energy level alignment of Sb2S3 with common cathodes, ETLs, HTLs, and anode metals. Modified from ref. [127] according to CC-BY 4.0 license permissions.

Poly(3-hexylthiophene-2,5-diyl) (P3HT) and spiro-OMeTAD (2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene) represent the most common p-type organic semiconductors applied as the HTL. Both have a favorable band alignment with the valence band maximum of Sb2S3, a large enough offset with the conduction band minimum of Sb2S3, and the capability to prevent short-circuiting at pinholes in the absorber by preventing the formation of shunts [5], [83], [127]. Inorganic metal oxides, e.g. NiOx in FTO/TiO2/Sb2S3/NiOx/Au [129], V2O5 in FTO/TiO2/Sb2S3/V2O5/Au [130], Sb2O3/CuSCN in FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/CuSCN:KSCN/Au [66], and hybrid combinations, e.g. Sb2O3/spiro-OMeTAD in FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/ Sb2O3/spiro-OMeTAD/Au [97], P3HT:NiOx in FTO/TiO2/mesoporous-TiO2/Sb2S3/ P3HT:NiOx/Ag [131], have also been applied to a comparable effect.

The anode, or back contact metal is selected to align with the valence band maximum of the HTL. Direct contacting of the metal to the absorber is rarely applied because 
short-circuiting through pinholes in the absorber film between ETL and metal is likely to occur. Furthermore, inhomogeneous electrical contacting at the absorber/metal interface can cause interface recombination due to a reduced effective contact area. 
An offset of over 0.3 eV in the valence band maximum of the HTL and the work function of the metal, i.e. the back contact barrier height, has been calculated to considerably decrease the η of any chalcogenide solar cell [12]. Thus, metals with a high work function, e.g. Au, Ni, Pt, Ag, are used the most in Sb2S3 solar cells [5], [83], [127] to create a 
quasi-ohmic contact [132].

[bookmark: _Toc82173907][bookmark: _Toc83221902][bookmark: _Toc82173908][bookmark: _Toc83221903][bookmark: _Toc82173909][bookmark: _Toc83221904][bookmark: _Toc82173910][bookmark: _Toc83221905][bookmark: _Toc82173911][bookmark: _Toc83221906][bookmark: _Toc82173912][bookmark: _Toc83221907][bookmark: _Toc80867102][bookmark: _Toc82173915][bookmark: _Toc83221910][bookmark: _Ref84588323][bookmark: _Toc85534631][bookmark: _Ref87612864][bookmark: _Toc90996399]Development of Sb2S3 solar cells

Sb2S3 thin film solar cells were first prepared in the early 1990s [94]–[96]. Afterwards, structured Sb2S3 solar cells were actively developed from late 2000s to mid–2010s. Reports on planar Sb2S3 solar cells started appearing in early 2010s, as focus gradually shifted from structured to planar Sb2S3 solar cell development. The main achievements for both types of solar cells are summarized in this section. An overview of thickness, grain size, S/Sb atomic ratio, and band gap for Sb2S3 coatings on planar and structured substrates, and the PV output parameters of corresponding solar cells that had been reported before the start of this study in Sept. 2017 is presented in Table 1.1.

Structured solar cells

In 2009, an ETA solar cell of FTO/mesoporous-TiO2/In(OH,S)/Sb2S3/CuSCN:KSCN/Au with η = 3.4 % was prepared with Sb2S3 grown by chemical bath deposition (CBD) [66]. In 2010, an organic HTL, spiro-OMeTAD, was used for the first time in a Sb2S3 solar cell of FTO/mesoporous-TiO2/In(OH,S)/CBD-Sb2S3/spiro-OMeTAD/Au, yielding η = 3.1 % under W-halogen lamp illumination [97]. Applying P3HT as the HTL yielded η = 5.1 % in solar cells of FTO/mesoporous-TiO2/CBD-Sb2S3/P3HT/Au [133]. The increase in η was attributed to reduced interface recombination due to the smaller offset in valence band alignment of Sb2S3 with P3HT [133] compared to spiro-OMeTAD (Figure 1.3).

In 2013, the first study on doping Sb2S3, with 5 mol% Ti, Zn, and Bi in an FTO/mesoporous-TiO2/MgO/BaTiO3/CBD-Sb2S3/CuSCN:KSCN/Au was reported [100]. Thereby, η was improved from 4.1 % without doping to 4.5 % with Zn doping, and 5.7 % with Ti doping, whereas Bi doping decreased η to 2.1 % [100].

In 2014, a CBD-grown Sb2S3 film grown on a mesoporous TiO2 scaffold was heat treated with H2S vapors by decomposing thioacetamide (TA), setting the standing record η = 7.5 % with a FTO/TiO2/mesoporous-TiO2/Sb2S3/PCPDTBT/PEDOT:PSS/Au solar cell (poly(2,6-(4,4-bis-(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-b´]dithiophene)-alt-4,7(2,1,3-benzothiadiazole) – PCPDTBT; poly(3,4-ethylenedioxythiophene) polystyrene sulfonate – PEDOT:PSS) [6].

In 2015, the effect of varying the ratio of thiourea (TU) to SbCl3 (SbCl3/TU) in solution was investigated in the first major spin coating study on Sb2S3 thin film solar cells of FTO/TiO2/mesoporous-TiO2/Sb2S3/PCPDTBT/PEDOT:PSS/Au, attaining η = 6.4 % [115].

In 2017, the group hosting this thesis applied a two-step procedure involving USP to grow a continuous coating of crystalline Sb2S3 onto TiO2-covered ZnO nanowires [10]. First, an amorphous Sb2S3 coating was deposited by USP. Second, the coating was crystallized at 300°C in N2, yielding η = 2.3 % in a FTO/ZnO nanowire/TiO2/Sb2S3/P3HT/Au ETA solar cell.

In summary, studies on structured Sb2S3 solar cells have demonstrated that introducing inorganic and organic HTLs to the stack, doping or sulfurizing the absorber, and varying the molar ratio within the precursor solution resulted in increased η. Applying multi-step processing for preparing the absorber was standard procedure for CBD and spin coating due to the specifics of those methods, and proved viable for USP as well. 

Planar solar cells

In 1994, a planar thin film solar cell of ITO/Sb2S3/WO3/Pt was prepared based on a 
3800 nm thick Sb2S3 film grown by CBD, yielding η = 5.5 % under illumination by a 
W-halogen light source from the semitransparent metal side [96]. In 2011, P3HT was applied for the first time in a planar Sb2S3 thin film solar cell of ITO/ZnO/Sb2S3/P3HT/Ag, yielding η = 2.4 % [134]. In 2013, P3HT and CuSCN were applied for the first time as HTL in planar TiO2/Sb2S3/HTL thin film solar cells of ITO/TiO2/Sb2S3/P3HT/Au [135], and FTO/TiO2/Sb2S3/CuSCN/Au [136], yielding η = 1.4 % and 3.3 %, respectively.

The era of planar Sb2S3 thin film solar cell research began in earnest in 2014, when a planar FTO/TiO2/Sb2S3/P3HT/PEDOT:PSS/Au solar cell with η = 5.8 % was reported, and the superiority of ALD over aqueous CBD for growing Sb2S3 films was demonstrated [8].

In 2015, the effect of varying P3HT thickness and back contact transparency on the PV performance of planar ITO/TiO2/Sb2S3/P3HT/Ag solar cells was studied [137]. Therein, η = 4.1 % was achieved in a non-transparent cell with 26 nm thick P3HT and 85 nm thick Sb2S3 [137]. Based on EQE, short circuit current density (JSC) was slightly reduced in a transparent cell with a 15 nm thick Ag contact [137]. Incidentally, it was the first study reporting transparent Sb2S3 solar cells, although AVT of solar cells was not provided. Also in 2015, Sb2S3 films prepared by spin-coating were used for the first time in planar Sb2S3 solar cells, yielding η = 2.3 % in a solar cell of FTO/TiO2/Sb2S3/P3HT/Au [138].

In 2016, phase pure separate crystalline Sb2S3 flakes (Eg = 1.65 eV) were prepared using single-step USP by the group hosting this thesis, yielding η = 1.9 % in a solar cell of ITO/TiO2/Sb2S3/P3HT/Au [9].

In 2017, a chemical approach was reported, wherein antimony butyldithiocarbamate (Sb(S2CN(C3H7)2)3) was used as a single source precursor for spin coating, followed by heat treatment at 300°C for only 2 min in N2 to form Sb2S3 films with mean lateral grain size of 12 m and Eg = 1.65 eV [7]. The process yielded solar cells with η = 4.3 % vs η = 2.0 % for CBD-based counterparts [7]. Also in 2017, Sb2S3 films were prepared by rapid thermal evaporation, and were treated in Se atmosphere, yielding planar FTO/TiO2/Sb2S3/Au solar cells with η = 3.2 % (selenized) vs 2.5 % (pristine), respectively [139].

[bookmark: _Toc82173917][bookmark: _Toc83221912][bookmark: _Toc80867104][bookmark: _Toc82173918][bookmark: _Toc83221913]To summarize, studies on planar Sb2S3 thin film solar cells proved that inorganic and organic HTLs are viable; that the deposition process and choice of precursor affects the structure, morphology, and optoelectronic properties of Sb2S3 films and η of solar cells; that semitransparent solar cells can be made; and that preparation of Sb2S3 films in a single step is plausible by USP, whereas ALD, CBD, and spin coating were demonstrated to require at least two processing steps.

[bookmark: _Ref84588347][bookmark: _Toc85534632][bookmark: _Toc90996400]Further development of Sb2S3 solar cells

Parallel to the progression of research in the thesis, several new concepts and approaches to enhance the photovoltaic performance of planar Sb2S3 solar cells have been published in 2017–2021. Studies published after Sept. 2017 were not taken into account when planning this study because the general outline was based on existing studies. As these studies were published in parallel to, or after papers I, II, III, and IV, a measure of overlap with recent publications was anticipated.

In literature, doping of Sb2S3 films with ZnCl2 [140], alkali hydroxides [141], [142], Bi–I co-doping [143], and Se alloying [111] has been applied to enhance the majority charge carrier concentration and to increase mean lateral grain size of the absorber. Surface treatment of the ETL (TiO2 by CsCO3 [144], ZnCl2, ZnBr2, ZnI2 [145]; CdS by KOH [146]) and the absorber (Sb2S3 by SbCl3 [147]), has been applied to passivate interface defects, to increase continuity and lateral grain size of the absorber, and to improve the electronic properties of the ETL/absorber and the absorber HTL/interface.

In addition, interfacial layers (ZnS between TiO2/Sb2S3 [148], [149]) or seed layers of Sb2S3 [150], [151] have been applied to modify the morphology, structure, and optoelectronic properties of Sb2S3 films. Furthermore, inorganic HTLs NiOx [129] and V2O5 [130] have been applied in planar Sb2S3 solar cells, yielding η on par with organic HTL based Sb2S3 solar cells. NiOx, Cu2O and CuI have been proposed as prospective inorganic HTLs in a theoretical calculation study, with up to η = 22.8 % claimed achievable in an optimized ZnS/800 nm Sb2S3/Cu2O stack [151].

The aggregated data on the thickness, Eg, atomic ratio of S/Sb and lateral grain size of planar Sb2S3 thin films, and the relevant PV output parameters of representative Sb2S3 solar cells is presented in section 1.5, Table 1.1. Concepts introduced in literature during this research are revisited in the future outlook on page 67.

In summary, in 2017–2021, doping of the absorber, passivation of ETL/absorber and absorber/HTL interfaces, seed layers, and inorganic HTLs have been applied to increase η, and stability of η over time of mainly planar Sb2S3 solar cells. Although η has increased from 5.8 % in 2014 [8] to 7.1 % in 2020 [145], [147] for planar Sb2S3 solar cells, VOC has not improved significantly. Thus, strategies to overcome the VOC deficit of 600 mV [110], the main factor limiting η of Sb2S3 solar cells, have yet to be discovered.
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[bookmark: _Ref87601939]Table 1.1. An overview of thickness, grain size, Sb–S elemental composition, and band gap of representative Sb2S3 coatings on a planar or structured ETL, and PV output parameters of corresponding solar cells, reported before Sept. 2017. The thickness of the Sb2S3 coating is presented for thin films on a planar substrate.

		Sb2S3 growth method

		Solar cell structurea

		Sb2S3

		VOC,

mV

		JSC, 

mA cm2

		FF,

%

		η,

%

		Area,

cm2

		Year

		Ref.



		

		

		Thick

ness, nm

		Grain

size, m

		S/Sb,

at%/at%

		Eg,

eV

		

		

		

		

		

		

		



		CBD

		ITO/Sb2S3/WO3/Pt

		3800

		–

		–

		1.74

		770

		11.3

		63

		5.5

		0.09

		1994

		[96]



		CBD

		FTO/mpTiO2/In(OH,S)/

Sb2S3/Sb2O3/CuSCN:KSCN/Au

		–

		–

		–

		1.75

		490

		14.1

		49

		3.4

		0.15

		2009

		[66]



		CBD

		FTO/mpTiO2/Sb2S3/

CuSCN:LiSCN/Au

		–

		–

		–

		–

		560

		11.6

		58

		3.7

		0.54

		2010

		[99]



		CBD

		FTO/mp-TiO2/In(OH,S)/

Sb2S3/spiro-OMeTAD/Au

		–

		–

		–

		1.75

		610

		10.6

		48

		3.1

		0.49

		2010

		[97]



		CBD

		FTO/mpTiO2/Sb2S3/

P3HT/Au

		–

		–

		–

		–

		556

		12.3

		70

		5.1

		0.16

		2010

		[133]



		CBD

		FTO/mpTiO2/Sb2S3/

PCPDTBT/Au

		–

		–

		–

		–

		616

		15

		66

		6.2

		0.096

		2011

		[152]



		Thermal evapor.

		ITO/ZnO/Sb2S3/P3HT/Ag

		210

		–

		–

		1.76

		450

		12.6

		42

		2.4

		–

		2011

		[134]



		CBD

		FTO/mpTiO2/MgO/BaTiO3/Sb2S3/CuSCN:KSCN/Au

		–

		–

		–

		1.7

		584

		13.4

		53

		4.1

		0.25

		2012

		[153]



		CBD

		FTO/mpTiO2/Sb2S3/

P3HT:Au/Au

		–

		–

		–

		–

		626

		12.8

		61

		4.9

		0.16

		2012

		[154]



		CBD

		FTO/mpTiO2/Sb2S3/

PCPDTBT–PCBM/Au

		–

		–

		–

		–

		595

		16.0

		66

		6.3

		0.16

		2012

		[155]



		CBD

		FTO/nw-TiO2/Sb2S3/

P3HT/PEDOT:PSS/Au

		–

		–

		–

		–

		500

		17.0

		53

		4.5

		0.31

		2012

		[156]



		CBD

		ITO/nf-TiO2/Sb2S3/Sb2O3/

P3HT/PEDOT:PSS/Ag

		–

		–

		–

		–

		603

		9.9

		39

		2.3

		0.04

		2013

		[157]



		CBD

		FTO/mpTiO2/Sb2S3/

Polyaniline nanobelts/Pt

		–

		–

		–

		–

		1100

		6.9

		50

		3.8

		0.12

		2013

		[158]



		CBD

		FTO/mpTiO2/MgO/BaTiO3/Sb2S3:Ti/CuSCN:KSCN/Au

		–

		–

		–

		1.7

		607

		16.5

		57

		5.7

		0.25

		2013

		[100]



		CBD

		ITO/TiO2/Sb2S3/P3HT/Au

		200–250

		–

		–

		1.8

		630

		6.1

		35

		1.4

		0.09

		2013

		[135]



		CBD

		FTO/TiO2/Sb2S3/CuSCN/Au

		–

		–

		–

		1.71

		455

		12.4

		59

		3.3

		0.1

		2013

		[136]



		CBD

		FTO/mpTiO2/Sb2S3/P3HT/

PEDOT:PSS/Au

		–

		–

		–

		–

		550

		13.2

		62

		4.4

		0.085

		2014

		[159]



		CBD

		FTO/mpTiO2/Sb2S3/

PCPDTBT/PEDOT:PSS/Au

		–

		–

		–

		–

		711

		16.1

		65

		7.5

		0.16

		2014

		[6]



		Spin coating

		ITO/mpTiO2/Sb2S3/

P3HT/Ag

		–

		–

		–

		–

		680

		9.5

		52

		3.4

		–

		2014

		[160]



		ALD

		FTO/TiO2/Sb2S3/

P3HT/PEDOT:PSS/Au

		90

		–

		–

		1.76

		667

		14.9

		58

		5.8

		0.096

		2014

		[8]



		CBD

		

		90

		–

		–

		1.76

		489

		9.6

		46

		2.2

		0.096

		2014

		[8]



		CBD

		ITO/TiO2/Sb2S3/P3HT/Ag

		155

		–

		–

		1.65

		732

		9.3

		62

		4.3

		0.13

		2015

		[137]



		CBD

		FTO/mpTiO2/Sb2S3/

PCPDTBT/PEDOT:PSS/Au

		–

		–

		–

		–

		548

		13.9

		68

		5.1

		0.096

		2015

		[161]



		Spin coating

		FTO/mpTiO2/Sb2S3/

PCPDTBT/PEDOT:PSS/Au

		–

		–

		1.50

		1.70

		596

		16.1

		67

		6.4

		0.123

		2015

		[115]



		Spin coating

		FTO/TiO2/Sb2S3/P3HT/Au

		–

		–

		–

		–

		616

		8.1

		46

		2.3

		0.096

		2015

		[138]



		USP

		ITO/TiO2/Sb2S3/P3HT/Au

		150

		0.85

		1.53

		1.6

		618

		6.0

		51

		1.9

		0.017

		2016

		[9]



		

		

		

		

		

		

		635

		5.0

		42

		1.3

		1.0

		

		



		Thermal evapor.

		FTO/TiO2/Sb2S3/Au

		650

		0.5

		–

		1.69

		570

		10.2

		55

		3.2

		0.09

		2017

		[139]



		Spin coating

		FTO/TiO2/Sb2S3/

Spiro-OMeTAD/Au

		137

		6

		–

		1.65

		632

		12.9

		52

		4.3

		0.12

		2017

		[7]



		USP

		FTO/nwZnO/TiO2/Sb2S3/

P3HT/Au

		–

		–

		–

		1.79

		656

		7.5

		47

		2.3

		0.017

		2017

		[10]



		Beginning of work related to the thesis in September, 2017



		Thermal evapor.

		FTO/TiO2/Sb2S3/

Spiro-OMeTAD/Ag

		300

		–

		1.43

		1.69

		620

		10.7

		56

		3.8

		0.1

		2018

		[163]



		Spin coating

		FTO/TiO2/Sb2S3/NiOx/Au

		100

		–

		–

		1.78

		590

		14.5

		41

		3.5

		0.12

		2018

		[129]



		Spin coating

		FTO/TiO2/Sb2S3/V2O5/Au

		87

		–

		–

		1.65

		590

		15.3

		53

		4.8

		0.12

		2018

		[130]



		Spin coating

		FTO/TiO2/Sb2S3:Zn/

Spiro-OMeTAD/Au

		130

		–

		1.30

		1.69

		647

		17.2

		57

		6.4

		0.12

		2018

		[141]



		Spin coating

		FTO/TiO2/Sb2S3:Cs/

Spiro-OMeTAD/Au

		120

		–

		1.36

		1.68

		690

		17.3

		55

		6.6

		0.12

		2018

		[140]



		CBD

		FTO/TiO2/Sb2S3/

Spiro-OMeTAD/Au

		84

		–

		–

		1.65

		690

		13.4

		50

		4.6

		0.12

		2018

		[194]



		Spin coating

		FTO/TiO2/Sb2S3/

Spiro-OMeTAD/Au

		400

		0.65

		–

		1.65

		660

		13.1

		59

		5.2

		0.04

		2019

		[150]



		CSS

		FTO/CdS/Sb2S3/C

		600

		0.3-1

		1.53

		1.71

		660

		13.0

		45

		3.8

		0.08

		2019

		[170]



		USP

		ITO/TiO2/Sb2S3/P3HT/Au

		100

		10

		1.5

		1.65

		693

		13.8

		58

		5.5

		0.017

		2019

		[II]



		

		

		

		

		

		

		726

		12.3

		52

		4.7

		0.071

		

		



		

		

		

		

		

		

		682

		14.5

		33

		3.2

		0.88

		

		



		VTD

		ITO/CdS/Sb2S3/Au

		1800

		1–2

		–

		1.62

		710

		15.7

		43

		4.7

		0.78

		2020

		[167]



		Spin coating

		FTO/TiO2/ZnCl2/Sb2S3/

Spiro-OMeTAD/Au

		162

		13

		–

		-

		650

		17.7

		62

		7.1

		0.1

		2020

		[145]



		Spin coating

		FTO/TiO2/Sb2S3/SbCl3/

Spiro-OMeTAD/Au

		146

		–

		–

		1.71

		720

		17.2

		57

		7.1

		0.1

		2020

		[147]



		Hydro-thermal

		FTO/CdS/Sb2S3/

Spiro-OMeTAD/Au

		300

		1.5

		–

		1.71

		707

		15.2

		56

		6.0

		0.089

		2020

		[207]



		Thermal evapor.

		FTO/CdS/Sb2S3/

Spiro-OMeTAD/Au

		200

		–

		1.55

		1.70

		720

		15.9

		54

		6.2

		0.12

		2021

		[101]



		

		

		

		

		1.28

		1.70

		680

		15.4

		48

		5.0

		

		

		



		Hydro-thermal

		FTO/TiO2/CdS:KOH/

Sb2S3/Spiro-OMeTAD/Au

		1000

		0.09

		1.24

		1.76

		748

		15.3

		57

		6.5

		–

		2021

		[146]



		ALD

		FTO/TiO2/ZnS/Sb2S3

/P3HT/PEDOT:PSS/Au

		75

		–

		–

		–

		626

		15.7

		52

		5.1

		0.12

		2021

		[149]





amp – mesoporous; nw – nanowire; nf – nanofiber; PCBM – [6,6]-phenyl-C61-butyric acid methyl ester.
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In this section, the physical and chemical deposition methods used to prepare Sb2S3 thin films are briefly reviewed with a focus on chemical methods. Power conversion efficiency of respective Sb2S3 thin film solar cells is mentioned where available. Detailed information on the phase composition, film thickness, lateral grain size, and band gap of representative Sb2S3 thin films, grown by chemical and physical deposition methods, and the photovoltaic performance parameters of corresponding solar cells is presented in section 1.5, Table 1.1.

[bookmark: _Toc85534624][bookmark: _Toc90996402]Physical methods

Sb2S3 thin films with a thickness of 200–1800 nm, grain size = 0.3–1 m, S/Sb = 1.3–1.6, and Eg = 1.7 eV (see section 1.5, Table 1.1) have been prepared by physical methods such as thermal evaporation [134], [162], [139], [163], magnetron sputtering [164], [165], vapor transport deposition (VTD) [166]–[168], and close spaced sublimation (CSS) [169], [170].

The high vapor pressure and incongruent volatilization of Sb2S3 [105], [112], [112], [171], [172], complicate processing of Sb2S3 by physical methods. Consequently, taking into account the S partial pressure during thermal co-evaporation of Sb2S3 films from Sb2S3 and S as precursors allowed to engineer S/Sb and deep-level defects, yielding η = 6.2 % in a planar solar cell [101].

[bookmark: _Toc85534625][bookmark: _Toc90996403]Chemical methods

Before the start of this study in September 2017, Sb2S3 coatings had been fabricated mainly by the following chemical methods: chemical bath deposition [8], [98], [100], [115], [156], [173]–[176], atomic layer deposition [8], [177]–[179], spin coating [115], [180], [181], [138], [7], hydro- and solvothermal deposition [106], [182]–[184], and chemical spray pyrolysis (CSP) [185]–[190].

Chemical bath deposition (CBD) is the most widely used method for preparing Sb2S3 coatings. According to queries conducted on the Web of Knowledge, Scopus and IEEE search engines, there are over 100 published papers on the topic. In CBD, a chemical precipitation reaction is used at a controlled temperature in a stirred solution to deposit metal chalcogenide films. Sb2S3 films are grown in CBD via precipitation of Sb3+ and S2- from dissolved chemicals as Sb2S3. The deposition of Sb2S3 films by CBD is possible due to the extremely small solubility constant of Sb2S3 in most solvents [104], [105], [191].

In terms of features, CBD provides facile process control via temperature, precursor concentration and solution pH, as well as inexpensive low maintenance equipment [8], [115]. Thus, studying CBD-grown Sb2S3 films has been historically popular (see section 1.5, Table 1.1).

In CBD, SbCl3 is the most common source of Sb3+ for growing Sb2S3 films. Na2S2O3 [100], [156], [173]–[175], and complexes of SbCl3 with thiourea (TU) [115], e.g. Sb(TU)2Cl3 [115], [192] or Sb(TU)3Cl3 [193] have been used in acidic conditions. Complexes of SbCl3 with thioacetamide (TA) [98], [174], e.g. Sb(TA)3Cl3 have been mainly used in basic conditions. In some instances, complexation via potassium antimony tartrate K2Sb2(C4H2O6)2 [175], [176] has been applied.

In CBD, Sb-based coordination complexes are prone to hydrolyze into Sb2O3, SbOCl, Sb(OH)3, and Sb2(SO4)3 during deposition in aqueous solutions, which contaminates the bulk of the deposited Sb2S3 film and has been proven to be detrimental to η of solar cells [8], [116], [194]. Thus, post-growth sulfurization via e.g. H2S [6], or adding phosphotungstic acid (H3PW12O40nH2O) [194] to the CBD solution has been applied to counteract oxidation within the bulk of CBD-grown Sb2S3 films. Oxidation of a few nm of the surface of Sb2S3 after crystallization has, however, been reported to passivate surface defects, which in turn increased η of solar cells [66], [103].

Sb2S3 films have been prepared by CBD on planar SnO2 at room temperature from an aqueous solution of K2Sb2(C4H2O6)2, NH4OH, TA, and triethanolamine (N(C2H5OH)3) [94]. After heat treatment at 300°C in N2 for 1 h, crystalline n-type Sb2S3 films with Eg = 1.74, lateral grain size = 0.8 m, and  = 5106  cm were obtained [94]. In another study, a complex of SbCl3 with Na2S2O3 dissolved in acetic acid and water yielded Sb2S3 films on planar SnO2 [195]. After heat treatment at 170°C in air for 6h, crystalline n-type Sb2S3 films with Eg = 1.70 eV were obtained [195].

Notably, most later studies on CBD-grown Sb2S3 films applied these two deposition routes, whereas heat treatment for crystallization has been mainly done at 250–300°C in N2 or Ar for 30 min [107], [116], [137], [174]. Furthermore, Sb2S3 films grown via CBD from SbCl3 and Na2S2O3 have been reported to crystallize via the formation of metallic Sb and Sb2O3 as intermediate phases, as recorded by in situ XRD and Raman measurements [116]. As for solar cell achievements, the record η is 7.5 % for structured [6], and 4.6 % for planar solar cells based on CBD-grown Sb2S3 thin films [194].

A concern for large scale production of Sb2S3 films by CBD is that the processing time is generally in hours or days. Furthermore, as deposition temperature during CBD is generally below 100°C, amorphous Sb2S3 is produced. Thus, heat treatment as a second step is required to crystallize the Sb2S3 films. Moreover, applying CBD to grow Sb2S3 thin films on a large scale would require batch processing, and implementation of recycling for the spent feedstock.

Atomic layer deposition (ALD) is the method of choice to produce the most pristine chemical composition of Sb2S3 thin films or other morphologies, independent of the substrate morphology [8], [148], [177]–[179], [196]. Conventional temporal ALD of metal sulfide films entails repeated pulsing, decomposition, and purging of gases at low pressure in an inert gas until a film with the desired thickness has grown. Usually, 
ALD-grown crystalline Sb2S3 films are prepared by first depositing an amorphous film of Sb2S3 by ALD, followed by purification and crystallization in an inert gas at 300°C [8], [148], [177].

Precursors used in ALD must be volatile, reactive, and decompose at a suitable temperature, which limits the range of Sb-based precursors available for use. Furthermore, ensuring a sufficient purge time results in a modest deposition rate of 6 nm h1 for Sb2S3 films [8]. However, ALD is superior compared to other chemical deposition methods because the consumption of precursor chemicals is minimal and no solvent is required.

Until now, only tris-dimethylamido antimony Sb(N(CH3)2)3 and H2S, which are sufficiently volatile, thermally stable, and reactive, have been used for depositing Sb2S3 thin films and coatings by ALD [8], [148], [177]–[179], [196].

In a study comparing the growth of Sb2S3 films on a planar FTO/TiO2 substrate by ALD and CBD, it was found that ALD prevents oxidation and provides precise control over the thickness of the deposited film [8]. CBD, on the other end, resulted in heterogeneous nucleation, less consistent film thickness, and inclusion of oxidized byproducts in the deposited film [8]. After heat treatment in an unspecified concentration of H2S gas 
at 330°C for 30 min, the amorphous as-grown Sb2S3 films had crystallized, yielding Eg = 1.76 eV in either case, according to EQE [8].

The highest η for ALD-Sb2S3 based planar thin film solar cells is 5.8 %, obtained at an Sb2S3 thickness of 90 nm [8]. In 2020, the first report was published on complete semitransparent planar solar cells based on Sb2S3 films grown by ALD [197]. Therein, η = 3.4 % and AVT = 13 % was achieved [197], proving that ALD-grown Sb2S3 films are suitable for semitransparent PV.

In terms of limitations, temporal ALD is by design a batch process. The limiting factors of temporal ALD, i.e. slow deposition rate, batch processing, and the need for vacuum, have been addressed by the development of the atmospheric pressure spatial ALD and its variants [198]–[201]. Thus, spatial ALD can be considered one of the most prospective deposition methods for rapid preparation of uniform phase pure Sb2S3 thin films on large area substrates at reasonable cost.

Spin coating is a rapid wet chemical deposition method for preparation of inorganic and organic films. Spin coating is performed, often at room temperature, by spreading a colloidal suspension or a solution over a substrate, which is spun during or after dispensing the solution while the solvent evaporates [202]. The centrifugal acceleration generated by spinning expels the leftover solution from the substrate, yielding a solid layer [202]. Film uniformity and thickness is controlled via precursor concentration, solvent evaporation rate, angular velocity, and solvent–substrate wettability [202].

Depositing Sb2S3 thin films by spin coating requires a two-stage process, wherein the precursor solution is spin coated onto the substrate, and then heat treated in one or more steps in air [138] or primarily in an inert atmosphere to decompose the precursor film into Sb2S3 and to crystallize the Sb2S3 film [140], [141]. In some studies, the preparation sequence has been repeated a number of times to obtain a thicker film [138]. As one sequence can be completed in a few minutes per sample, spin coating is advantageous for rapid preparation of films on cm2 size substrates.

Some precursor solutions used for spin coating of Sb2S3 films are similar to those used in CBD, i.e. SbCl3 with TU [115], [180], [181], [140], [203], or TA [138], dissolved in organic solvents. A recently popularized group of single-source precursors for spin coating Sb2S3 films is the halogenide-free series of Sb-alkyldithiolates: Sb-diethyldithiocarbamate Sb(S2CN(C2H5)2)3 [129], [130], [141], Sb-dibutyldithiocarbamate Sb(S2CN(C4H9)2)3 [7], [203], [204], and Sb-ethyldithiocarbonate Sb(S2COC2H5)3 (SbEX) [205], which are dissolved in organic solvents, e.g. dimethylformamide ((CH3)2NC(O)H), 2methoxyethanol (CH3OC2H4OH), dimethylsulfoxide ((CH3)2SO), or ethanol (C2H5OH).

Crystalline Sb2S3 thin films, oxide-free according to X-ray photoelectron spectroscopy (XPS), although Eg and S/Sb were not reported, have been grown by repeating the cycle of spin coating Sb(TA)2Cl3 dissolved in dimethylformamide, followed by heat treatment at 120°C in air, and 300°C in N2 for 20 min [138]. In addition, 137 nm thick crystalline Sb2S3 films with mean lateral grain size = 6 m, and Eg = 1.65 eV, have been deposited by spin coating a solution of Sb-dibutyldithiocarbamate dissolved in ethanol, followed by heat treatment at 300°C in N2 for 2 min [7]. However, phase purity of these Sb2S3 films was verified only by XRD. Solar cells based on these Sb2S3 films yielded η = 4.3 % [7]. This was the record for planar solar cells based on Sb2S3 films grown by spin coating before the start of this thesis.

The highest η of thin film solar cells based on a spin coated Sb2S3 absorber layer is 7.1 % for planar [147], and 6.8 % for structured [142] configurations, respectively. More information on the absorber and solar cell can be found in section 1.5, Table 1.1.

The main challenge of spin coating is that films are often thinner at the edges than in the center due to centrifugal acceleration, and that up to 95–98 % of the solution is discarded from the substrate during processing [206]. Furthermore, spin coating is by design a batch process that requires post-growth heat treatment to prepare metal oxide and metal sulfide thin films.

Hydro- and solvothermal synthesis has also been used to fabricate Sb2S3 coatings. 
The process is largely similar to CBD in most aspects. The deposition procedure differs from CBD by the fact that overpressure of several atmospheres, higher temperature, and inert atmosphere is used in an autoclave filled with an aqueous or organic solution to increase the growth rate and chemical purity of the grown material. In addition, crystalline films can be grown in one step if the deposition temperature is higher than the crystallization temperature in the relevant medium. Also, overpressure allows to shift gases to liquid or solid state during deposition, and to form metastable phases.

The reagents used in hydrothermal synthesis of Sb2S3 thin films, structures and layers are SbCl3 or potassium antimony tartrate with Na2S2O3 [106], [207]. In solvothermal synthesis, antimony dithiocarbamates, dithiocarbonates, and dithiophosphates [182], [183], including SbEX [184], have been used.

Sb2S3 thin films had been prepared in few papers by hydro- or solvothermal synthesis before the start of this thesis. Sb2S3 thin films with Eg = 1.7 eV have been hydrothermally grown onto TiO2-covered Ti nanotube arrays from a solution of SbCl3 and Na2S dissolved in ethanol–water after 8 h at 180°C [208]. In another paper, amorphous 680 nm thick Sb2S3 films were grown hydrothermally from a solution of KSbC4H4O7 and Na2S2O3 onto planar ITO-covered glass substrates after 8h at 150°C [106]. After heat treatment at 450°C in Ar for 1 h, crystalline p-type Sb2S3 films with Eg = 1.63 eV, oxide-free surface per XPS, S/Sb = 1.44, and  = 1.3104 cm were obtained [106].

The highest η of thin film solar cells based on a hydrothermally grown Sb2S3 absorber layer is 6.5 % for planar [146], and 4.7 % for structured configurations [209], respectively, as of 2021. Moreover, in another study, η was increased from 6.0 % to 10.0 % by hydrothermally depositing a thin film of Sb2S2.13Se0.87 with Eg = 1.49 eV, and by optimizing its heat treatment temperature [207]. The appreciable increase of η indicates that introducing Se into Sb2S3 is a prospective procedure for PV applications.

Applying an overpressure of several atmospheres requires thick walled high pressure autoclaves and corresponding safety features, which is bound to be more expensive compared to the simple setup of CBD. Furthermore, hydro- and solvothermal synthesis is limited to batch processing by design. Although, the extendable reactor length could partially compensate for it. However, similarly to CBD, recycling or disposal of the spent feedstock is required.

Chemical spray pyrolysis (CSP) is a simple and robust wet chemical method that is used to deposit thin films and other morphologies of metal oxides and sulfides [210]. In CSP, the precursor solution is nebulized into an aerosol and is conveyed by a carrier gas stream onto the substrate on a heated plate where the droplets dry and thermally decompose into a film [210].

CSP can be used to prepare single or multi-layered metal chalcogenide thin films with a graded composition on large areas in air in a continuous process [210]. CSP allows to control the structure, morphology and optoelectronic properties of the deposited thin films by deposition temperature, choice of solvent, composition and concentration of the precursors, gas flow rate, nozzle distance, and droplet size [210], [211]. CSP can be divided into three subclasses based on the nebulization technique: pneumatic, electrostatic, and ultrasonic [211].

Ultrasonic nebulization is performed by oscillating an electromechanical device at high frequency that shears the tips of capillary surface waves into droplets [212]. 
The drawback is that only Newtonian liquids with low viscosity can be nebulized into droplets when passing over the vibrating surface [211]. Therefore, solutions based on fluid organic solvents are the most suitable for producing the smallest droplet size by ultrasonic spray pyrolysis (USP).

In case of USP, droplets are produced only if enough power is produced at the ultrasonic frequency to overcome the viscosity and surface tension of the spray solution [213]. Furthermore, the mean droplet size depends on the frequency of the oscillator and the surface tension of the solution by the following empirical equation [212]:

	(1), 

where D is the mean droplet diameter,  is the liquid’s surface tension vs air,  is the density of the solution, and f is the ultrasonic frequency. Evidently, at isothermal conditions, D is a function of the frequency at a power = -2/3. For instance, in order to nebulize droplets of methanol ( = 0.02217 N m1 at 25°C;  = 791.4 kg m3 at 20°C [191]) with a mean diameter = 10 m, f = 5 MHz is required.

The preparation of Sb2S3 coatings and corresponding solar cells by pneumatic CSP, and USP, and the selection of precursors are presented in sections 1.7.1, 1.7.2, and 1.7.3, respectively.

In terms of challenges, application of CSP and USP depends significantly on the preparation of the spray solution, whereby a stable metal organic coordination complex is prepared as the precursor. Thus, process chemistry is an important aspect for preparing metal oxide and metal sulfide thin films by CSP and USP. Moreover, an additive that forms a liquid protective coating, e.g. TU, is required during deposition to prevent oxidation of the deposited metal sulfide thin film [9], [214]–[216].

Thus, tuning the composition of the spray solution is critically important for growing Sb2S3 thin films by CSP. To add, clogging of the nozzle by the precursor or solid byproducts during the CSP process has to be avoided. Thus, CSP as a method to grow Sb2S3 films from solutions of Sb and S containing metal organic coordination complexes is definitely viable for industrial production on the condition that these practical issues are addressed.

[bookmark: _Toc80867092][bookmark: _Toc82173899][bookmark: _Toc83221894][bookmark: _Toc85534626][bookmark: _Toc90996404]Deposition of Sb2S3 thin films by spray pyrolysis

In this section, the deposition of Sb2S3 thin films by pneumatic and ultrasonic spray pyrolysis is discussed. Furthermore, a guide for screening appropriate precursors to grow Sb2S3 thin films by USP is presented.

[bookmark: _Toc85534627][bookmark: _Ref88828209][bookmark: _Toc90996405]Pneumatic spray pyrolysis

Several reports appeared in the 1990s and early 2000s using primarily solutions of SbCl3/TU [185]–[187], or seldom SbCl3/TA [188], dissolved in acetic acid, or aqueous HCl to grow Sb2S3 films. However, the phase purity of these Sb2S3 films was not firmly established, and the morphology was either not investigated or the films were not homogeneous.

In 2002, Sb2S3 thin films were grown by pneumatic CSP from an aqueous solution (SbCl3/TU/tartaric acid = 1/1.5/2.5) and a non-aqueous solution (SbCl3/TU = 1/1.5 dissolved in acetic acid) at 300°C or 250°C, respectively, onto glass substrates [188]. Therein, the films grown from the aqueous solution remained amorphous after heat treatment, whereas the films grown from the non-aqueous solution were crystalline (Eg = 1.8 eV) after deposition. In either case, the films were n-type, with  = 106–107  cm, yielding up to η = 0.06 % at 80 mW cm2 illumination with an unspecified light source in a photoelectrochemical cell of Sb2S3/0.5 M KI – 0.01 M I2/C.

The surface topography of 634 nm thick possibly continuous Sb2S3 films with
Eg = 1.78 eV and grain size = 620 nm was reported in 2014 by atomic force microscopy, yielding root mean square roughness > 50 nm [189]. Therein, the crystalline films were prepared, presumably in one step, at 197°C in air by pulsed pneumatic CSP from an aqueous solution of SbCl3/TU 1/1.5 acidified with HCl, and the phase purity was confirmed by XRD and Raman.

In 2015, the group hosting this thesis proved by spraying an aqueous solution of SbCl3/TU/tartaric acid in molar ratios of 1/3/1 and 1/3/10 at 205–230°C and 205–355°C, respectively, that stabilization with tartaric acid, and the use of aqueous solutions is detrimental to phase purity and morphology of Sb2S3 films grown by pneumatic spray pyrolysis [216]. In the same study, the use of alcohols as solvent without tartaric acid yielded Sb2S3 thin films with vastly increased phase purity [216].

[bookmark: _Ref83741647][bookmark: _Toc85534628][bookmark: _Toc90996406]Ultrasonic spray pyrolysis

There were no reports on USP-grown Sb2S3 coatings before 2016. In 2016 [9], the group hosting this study opted for ultrasonic nebulization of a solution of Sb(TU)3Cl3, (synthesis and phase according to ref. [193]) with optionally extra TU to suppress oxidation. This single step preparation yielded separate crystalline Sb2S3 grains (Eg = 1.6, S/Sb = 1.53) by spraying a solution of SbCl3/TU in a molar ratio of 1/6 at 250°C in air [9]. Thereby, the first (planar) solar cell of ITO/TiO2/Sb2S3/P3HT/Au based on a USP-grown Sb2S3 coating with η = 1.9 % was achieved [9]. Notably, no explanation was provided to relate these deposition conditions to the formation of separate grains instead of continuous films.

In 2017, an ETA solar cell of ITO/ZnOnanowire/TiO2/Sb2S3/P3HT/Au, with η = 2.3%, was also prepared by the group hosting this thesis [10]. The absorber was deposited by a two-step process. Accordingly, a uniform conformal amorphous Sb2S3 coating was deposited onto TiO2-coated ZnO nanowires at 220°C by USP in air from a SbCl3/TU = 1/3 solution, followed by heat treatment in N2 at 300°C to crystallize the absorber layer [10]. Notably, the 10 nm thick absorber coating was not entirely phase pure, as it contained Sb2O3 according to Raman analysis [10].

[bookmark: _Ref83741457][bookmark: _Toc85534629][bookmark: _Toc90996407]Selection of precursors to deposit Sb2S3 thin films by USP

In order to be useful for USP, the precursors must dissolve in the chosen organic solvent and yield a low-viscosity Newtonian solution. Furthermore, the precursor should be nonvolatile, stable in the spray solution, and decompose into a metal chalcogenide and volatile byproducts at a temperature below the deposition temperature [213]. In turn, the deposition temperature has to be low enough to prevent oxidation of the Sb2S3 film. It is known that Sb2S3 oxidizes readily above 200°C [171]. Increasing the deposition temperature any further in air requires an increasing concentration of the reducing agent [9], which becomes a source of contamination. Thus, the deposition of metal sulfide thin films by CSP requires a temporary protective coating on top of the growing film to suppress oxidation of the deposited film [9], [216]. Therefore, the precursors that had been used by chemical methods to produce Sb2S3 thin film solar cells with appreciable η were filtered according to these requirements of USP.

As aqueous solutions require buffers such as tartaric acid, which contaminate Sb2S3 films, only Sb-based coordination complexes soluble in non-aqueous low-viscosity solvents are relevant. Hence, as Sb2S3 coatings with the most pure phase and elemental composition, and conformal morphology were prepared by spraying SbCl3/TU = 1/3–1/6 dissolved in methanol [9], [10], this precursor–solvent combination is considered the most promising for further study. However, it is evident that only polar solvents and SbCl3 based metal organic coordination complexes have been explored for use in CSP. Consequently, there is no frame of reference to claim that spraying SbCl3/TU dissolved in methanol is the only viable option. Furthermore, it is not known whether 
halogenide-free precursors dissolved in non-aqueous solvents could be used to deposit continuous phase pure Sb2S3 thin films in air. This study aims to address these questions.

Among halogenide-free precursors, antimony dithiolates, especially dithiocarbonates (xanthates), and dithiocarbamates potentially fit the requirements of USP, vide ante. However, none of them have been used in spray pyrolysis before. To date, ultrasonic aerosol assisted chemical vapor deposition of Sb2S3 coatings from asymmetric dithiocarbamates in N2 [217], and a selection of xanthates, dithiocarbamates, and dithiophosphates, dissolved in toluene has been reported [183]. Although, only discontinuous layers of amorphous or crystalline Sb2S3 have been obtained.

Accordingly, as SbEX is reported to have the lowest melting point of 68–70°C, 
the lowest decomposition end point of 200°C [183], and the second lowest carbon content (C/Sb = 9) among these antimony dithiolate precursors, it is the most likely to yield phase pure Sb2S3 thin films by USP at 200°C. Prior to this study, the thermal decomposition of SbEX had been determined by TG in air [218], N2 [183], [219], or Ar atmosphere [205], or by TG/DTA analysis combined with ex-situ evolved gas analysis [220], whereas intermediate solid decomposition product analysis had not been reported. It is important to consider that thermal analysis via TG/DTA, and even more so by TG alone, does not provide all the required information needed to validate a precursor for use by chemical methods, e.g. CSP. Thus, analysis of the phase composition of intermediate solid decomposition products, and evolved gases by in situ measurements is necessary to describe the thermal behavior of SbEX, and to provide proof of the chemical purity of the resultant solid phase. This study aims to provide such vital information for SbEX.

To conclude, based on the requirements of ultrasonic spray pyrolysis, SbCl3 and TU dissolved in methanol, and SbEX dissolved in a compatible fluid organic solvent are the two most promising options to deposit uniform phase pure Sb2S3 thin films by USP. 
In addition, TG/DTA-EGA-MS and intermediate solid decomposition product analysis is a prerequisite to use SbEX as a precursor for USP.




[bookmark: _Toc90996408]Summary of the literature review and aim of the thesis

Sb2S3 is attractive for PV because of its anisotropic quasi-1D structure, chemical stability, suitable optoelectronic properties (Eg = 1.7 eV, α = 105 cm1 in visible range, anisotropic conductivity), and the availability of Sb and S as primary mining products for GWp–TWp scale annual production of solar cells.

Before the start of this study, Sb2S3 thin films had been deposited by chemical methods such as CBD, spin coating, ALD, hydrothermal synthesis, and CSP. In terms of area-scalability and processing rate, USP is perhaps the most advantageous wet chemical method. However, a continuous uniform phase pure Sb2S3 thin film, which had had a critical role in achieving the record η = 5.8% in planar solar cells based on a Sb2S3 film grown by ALD [8], had not been prepared by pneumatic CSP or USP. 

Furthermore, deposition of Sb2S3 thin films, especially by CSP and USP, was relatively unexplored in terms of solvent and precursor composition, Sb/S source concentration, and heat treatment conditions. Thus, the effect of these parameters on the phase composition, structure, morphology, and optical properties of USP-grown Sb2S3 thin films has to be investigated as a basic requirement.

Essentially, the approach to achieve continuous uniform phase pure Sb2S3 thin films by USP was designed according to the following existing knowledge:

A stable metal organic coordination complex precursor soluble in a fluid low surface tension solvent is required to generate a liquid aerosol by USP [211]. 

Furthermore, the precursor must decompose into Sb2S3 below the deposition temperature [213].

In addition, an additive that forms a liquid protective coating, which repels oxidation of the Sb2S3 film during deposition, is likely required [9].

Using aqueous solutions, and applying tartaric acid to stabilize the Sb(TU)3Cl3 complex is detrimental, whereas using non-aqueous solvents is favorable to the phase purity of the deposited Sb2S3 thin films [216].

Continuous phase pure Sb2S3 thin films could not be prepared in a single step on planar TiO2 from a methanolic solution of SbCl3/TU = 1/6 by USP at 250°C in air, as separate crystalline grains of phase pure Sb2S3 were formed [9].

A structured substrate of ZnO/TiO2 nanowires was covered with a continuous shell of crystalline Sb2S3 by a two-step process. Therein, an amorphous Sb2S3 coating was deposited from a methanolic solution of SbCl3/TU = 1/3 at 220°C in air, and thereafter crystallized in an inert atmosphere. However, the Sb2S3 shell was not phase pure, as Sb2O3 had been detected [10].

Employing a Sb-alkyldithiolate precursor had yielded continuous phase pure Sb2S3 thin films by spin-coating, resulting in solar cells with η = 4.3 % [7].






Based on the literature review and the aforementioned gaps in knowledge, the hypothesis of this thesis is formulated as follows:

1) The process to prepare phase pure polycrystalline Sb2S3 thin films, uniform in thickness and morphology, conforming to the planar polycrystalline ITO/TiO2 substrate, by spraying SbCl3/TU solutions via USP is developed, thereby forming the basis to evaluate their applicability in planar thin film solar cells.

2) The uniformity, conformal coverage of the planar polycrystalline ITO/TiO2 substrate, and phase purity of the Sb2S3 thin films grown by USP from the SbCl3/TU solution enable application of these films as the absorber in planar solar cells that yield increased η compared to previous results on the condition that the thickness of the absorber film is optimized.

3) The synthesis and analysis of the phase composition, structure, and thermal decomposition of the halogenide-free precursor (SbEX) determine its applicability for use as a precursor for depositing Sb2S3 thin films by USP.

4) The process to prepare continuous, uniform in thickness, phase pure polycrystalline Sb2S3 thin films, which conform to the planar ITO/TiO2 substrate, by USP from a solution of SbEX is developed.



Accordingly, the aim of this thesis is to prepare uniform phase pure thin films of polycrystalline Sb2S3 by USP from a halogenide-containing, and a halogenide-free precursor solution, and to test a selection of these Sb2S3 thin films in planar solar cells.

Thus, the following tasks are outlined to reach the aim of the thesis:

1) To determine the preparation conditions that allow to deposit uniform continuous phase pure polycrystalline Sb2S3 thin films by USP from a SbCl3/TU solution on a planar ITO/TiO2 substrate. To characterize the phase composition, elemental composition, optical properties, and morphology of the deposited films.

2) To prepare planar TiO2/Sb2S3/P3HT thin film solar cells based on a Sb2S3 thin film grown by USP from a SbCl3/TU solution. To characterize the PV output parameters of these solar cells as a function of the thickness of the absorber.

3) To evaluate the applicability of SbEX as a prospective halogenide-free precursor for the deposition of Sb2S3 thin films by USP via thermal analysis in an inert and air atmosphere, and intermediate solid decomposition product analysis.

4) To determine the preparation conditions to deposit uniform continuous phase pure thin films of polycrystalline Sb2S3 by USP from a solution of SbEX or SbEX/thioamide on a planar ITO/TiO2 substrate, and to characterize the phase composition, elemental composition, optical properties, and morphology of the deposited films.
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[bookmark: _Toc85534634][bookmark: _Toc90996409]Experimental

In this chapter, the experimental methods applied in papers I, II, III, and IV for the preparation, characterization, and analysis of Sb2S3 thin films, the respective solar cells, and powders for thermal analysis, are summarized.

[bookmark: _Toc85534635][bookmark: _Toc90996410]Preparation of Sb2S3 thin films and solar cells

All chemicals were used as-bought. Chemicals applied in papers I, II, III, and IV are listed with their purity and origin in Table 2.1.

[bookmark: _Ref80966507]Table 2.1. List of chemicals used in this thesis.

		Name

		Linear formula

		Purity

		Supplier

		Paper



		Deionized water

		H2O

		18.2 Mcm1

		Made on site

		I, II, III, IV



		Sulfuric acid

		H2SO4

		98 wt%

		Merck

		I, II



		Antimony trichloride

		SbCl3

		99 wt%

		Sigma-Aldrich

		I, II, III



		

		

		99.999 wt%

		Sigma-Aldrich

		IV



		Methanol

		CH3OH

		99.9 vol%

		Sigma-Aldrich

		I



		

		

		99.8 vol%

		Honeywell

		II



		Thiourea

		SC(NH2)2

		99 wt%

		Sigma Aldrich

		I



		

		

		98 wt%

		Fluka

		II



		

		

		99 wt%

		Alfa Aesar

		IV



		Thioacetamide

		SC(NH2)(CH3)

		99 wt%

		Merck

		IV



		Acetonitrile

		CH3CN

		99.9 wt%

		Honeywell

		IV



		Ethanol

		C2H5OH

		96.6 vol%

		Estonian Spirit

		I, II, IV



		Potassium ethyl xanthate

		KS2COC2H5

		97 wt%

		Acros

		III, IV



		Acetone

		CH3COCH3

		99.8 vol%

		Merck

		III, IV



		Titanium(IV) isopropoxide

		Ti(OC3H7)4

		97 wt%

		Sigma-Aldrich

		I, II



		

		

		98 wt%

		Acros

		IV



		Diethyl ether

		(CH3CH2)2O

		99.5 vol%

		Sigma-Aldrich

		III, IV



		Acetylacetone

		(CH3CO)2CH2

		98 %

		Sigma-Aldrich

		I



		

		

		99 %

		Acros

		II, IV



		Chlorobenzene

		C6H5Cl

		99.5 vol%

		Sigma-Aldrich

		II



		Poly(3-hexyl-thiophene-2,5-diyl)

		(C10H14S)n

		85–100kDa, >90 % regioregular

		Sigma-Aldrich

		II







The In2O3:Sn (ITO) covered 1 mm thick soda lime glass substrates (25  sq1, 150 nm ITO, papers I, II), (10  sq1, 230 nm ITO, paper IV) were cut to 25 mm by 15 mm rectangles and cleaned before use [I, II, IV]. The substrates were then coated with a thin film of anatase-TiO2 by USP from a solution of titanium (IV) isopropoxide and acetylacetone 
[I, II, IV]. The glass/ITO/TiO2 stack was used for further experiments.

The USP setup is illustrated in Figure 2.1. Deionized cooling water was continuously pumped through the ultrasonic oscillator chamber. Waste heat generated by the oscillators was removed via an open loop shell and tube heat exchanger. The carrier gas flow rate was regulated via a motorized proportional-integral-derivative needle valve coupled with a pressure sensor. A proportional-integral-derivative temperature regulator was used to maintain a constant substrate temperature.



[image: ]

[bookmark: _Ref86145078]Figure 2.1. Schematic of the ultrasonic spray pyrolysis setup.

To start the deposition process, the precursor solution was poured into the nebulizer shell. Then, the clean dry substrates were placed on the preheated hot plate. After preparations had been finished, the ultrasonic oscillators were switched on. The ultrasonic waves traveled through the cooling water and the fluoropolymer membrane, nebulizing the precursor solution into a liquid aerosol. The fine mist was transported by the compressed air stream through the spray tube onto the heated substrates. The dispersed precursor decomposed on the surface of the heated substrate, thereby forming a thin film. Any gaseous products were ventilated via a fume hood.

Sb2S3 thin films were deposited by USP onto the glass/ITO/TiO2 stack from a solution of 30 mM SbCl3, and SC(NH2)2 (TU) dissolved in methanol. Thereby, the Sb(TU)3Cl3 complex was formed in solution (verified by comparing the XRD pattern of the powder obtained after vacuum drying the precursor solution to ref. [193]), at SbCl3/TU molar ratio = 1/3 [I]. In addition, drying the solution of SbCl3/TU in a molar ratio = 1/6 yielded Sb(TU)3Cl3 and free TU by XRD analysis. Based on preliminary experiments, the deposition time in paper I was set to 20 min for the SbCl3/TU = 1/3 solution, and to 
40 min for the SbCl3/TU = 1/6 solution to obtain a similar film thickness. The thickness of Sb2S3 films was varied in paper II by changing the concentration of the precursor solution (30–90 mM) at a fixed molar ratio of SbCl3/TU = 1/3 and a constant deposition time. 
The flow rate of compressed air was 5 L min1. The deposition temperature was 200°C, 210°C, or 220°C. Afterwards, samples were heat treated in dynamic vacuum (5104 Pa) at 170°C [I, II], 200°C [I], or 250°C [I] for 5 min at an average heating and cooling rate of 8°C min1. The stock solution of SbCl3 in methanol was prepared in a glove box pumped with 99.999 vol% N2, at O2 < 20 ppm, humidity < 14 ppm.

The metal organic coordination complex precursor SbEX was synthesized according to the procedure described in paper III. Layers of Sb2S3 were deposited onto the glass/ITO/TiO2 stack from a solution of 60 mM SbEX dissolved in acetonitrile at a deposition temperature of 105°C, 135°C, or 165°C [IV]. Solutions of 60 mM SbEX/TU in a molar ratio of 1/1, and 1/3, and 60 mM SbEX/TA in a molar ratio of 1/3, and 1/10 were sprayed at a deposition temperature of 135°C, 165°C, or 215°C onto the glass/ITO/TiO2 stack. The flow rate of compressed air was 5 L min1. Thereafter, the samples were heat treated in dynamic vacuum (2101 Pa) in a quartz tube at 225°C for 30 min at an average heating and cooling rate of 5°C min1.

For the preparation of solar cells, Sb2S3 thin films with a thickness of approximately 30, 70, 100, and 150 nm were deposited by USP onto the glass/ITO/TiO2 stack in 20 min at a deposition temperature of 200°C by varying the concentration of the solution of SbCl3/TU at a constant molar ratio of 1/3 [II]. The flow rate of compressed air was 5 L min1. After deposition, samples were heat treated in dynamic vacuum (5104 Pa) at 170°C for 5 min. Then, a layer of P3HT was deposited onto the stack from a 2 wt% solution of P3HT in chlorobenzene, and the vacuum heat treatment was repeated. 
The solar cells were completed by thermally evaporating Au as back contact through a metal mask. The steps of the experimental procedure are illustrated in Figure 2.2.



[bookmark: _Ref85447488][image: ]

[bookmark: _Ref86149796]Figure 2.2. Schematic of the sequence of operations in the experimental procedure for depositing Sb2S3 films by ultrasonic spray pyrolysis from solutions based on SbCl3 or SbEX. Heat treatment: 
(A) 170°C, 5104 Pa, 5 min; (B) 225°C, 2101 Pa, 30 min.




[bookmark: _Toc85534636][bookmark: _Toc90996411]Applied characterization methods

Unless specified otherwise, any measurements were made at the Department of Materials and Environmental Technology, Tallinn University of Technology. The list of characterization methods used in this thesis is provided in Table 2.2.

[bookmark: _Ref75259734]Table 2.2. List of characterized properties, applied methods and equipment.

		Object

		Characterized properties

		Method

		Equipment

		Paper



		Glass/ITO/TiO2/Sb2S3, various powders

		Phase composition, crystallite size

		XRD

		Rigaku Ultima IV

		I, II, III, IV



		Glass/ITO/TiO2/Sb2S3, various powders

		Phase composition

		FTIR

		Perkin Elmer GX 2000, Bruker Alpha

		III, IV



		Glass/ITO/TiO2/Sb2S3, various powders

		Phase composition

		Raman

		Horiba LabRam HR800

		I, II, III, IV



		Glass/ITO/TiO2/Sb2S3

		Electronic structure, chemical bonding 

		XES

		SALSA endstationa

		II



		SbEX powder

		Molecular structure, phase composition

		NMR

		800 MHz Bruker Avance IIIb

		III



		SbEX powder, TA powder

		Thermal analysis of precursor

		TG/DTA-EGA-MS

		Setaram LabSys EVO, ThermoStar GSD320

		III, IV



		Glass/ITO/TiO2/Sb2S3

		Transmittance, reflectance, band gap, absorption coefficient

		UV-VIS

		Jasco V-670 with integrating sphere vs air

		I, II, IV



		Glass/ITO/TiO2/Sb2S3

		Elemental composition

		EDX

		Bruker ESPRIT 1.8

		I, II, III, IV



		Glass/ITO/TiO2/Sb2S3

		Morphology, film thickness

		SEM

		Zeiss Ultra 55 FEG HR-SEM, Helios NanoLab 600c,

Merlin Gemini II

		I, II, III, IV



		Glass/ITO/TiO2/Sb2S3/

P3HT/Au

		Solar cell parameters

		J-V

		Newport Oriel Sol3A

		II



		Glass/ITO/TiO2/Sb2S3/

P3HT/Au

		Spectral quantum yield response, band gap, integrated JSC

		EQE

		Newport 69911, Newport Cornerstone 260, Merlin lock-in detector

		II





aAdvanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA

bNational Institute of Chemical Physics and Biophysics, Tallinn, Estonia

cInstitute of Physics, Tartu University, Tartu, Estonia

[bookmark: _Toc85534637][bookmark: _Toc90996412]Results and discussion

In this chapter, the results of this thesis are presented and discussed. This chapter is divided into four sections according to the topics published in papers I, II, III, and IV.

[bookmark: _Toc85534638][bookmark: _Toc90996413]Deposition of Sb2S3 thin films from SbCl3/TU solutions by ultrasonic spray pyrolysis

Herein, the effect of deposition temperature, SbCl3/TU molar ratio, and heat treatment on the phase composition, structure, elemental composition, optical properties, and morphology of Sb2S3 thin films grown by USP from SbCl3/TU solutions was investigated. The results of this study are published in papers I and II.

Sb2S3 thin films were deposited at 200°C, 210°C, and 220°C at SbCl3/TU molar ratios of 1/3 and 1/6 onto planar glass/ITO/TiO2 substrates by USP. In addition, heat treatment in vacuum was applied after deposition to crystallize the Sb2S3 thin films. Heat treatment at 200°C and 250°C in vacuum resulted in sublimation of Sb2S3 thin films [I]. Hence, heat treatment of Sb2S3 films was optimized to 170°C, 5104 Pa, 5 min. The deposition conditions and sample names are presented in Table 3.1.

[bookmark: _Ref82763594]Table 3.1. Labeling of Sb2S3 films grown by USP from SbCl3/TU solutions. Substrate: glass/ITO/TiO2. Heat treatment: 170°C, 5104 Pa, 5 min.

		SbCl3/TU in solution

		Deposition temperature, °C

		Sample name



		

		

		As-grown

		Heat treated



		1/3

		200

		3-200

		3-200-170



		

		210

		3-210

		3-210-170



		

		220

		3-220

		3-220-170



		1/6

		200

		6-200

		6-200-170



		

		210

		6-210

		6-210-170



		

		220

		6-220

		6-220-170





[bookmark: _Toc83221951][bookmark: _Toc85534639][bookmark: _Toc90996414]Phase composition and structure

The phase composition of as-grown and post-growth heat treated films was studied by Raman spectroscopy and XRD. The relative intensity of the Raman bands of Sb2S3 measured using a non-polarized laser source is not scrutinized in this thesis, as polarized Raman is required to obtain meaningful information [221].

Raman spectra of the films grown at 200°C (3200; see paper I, Figure 1a) and 210°C (3210; Figure 3.1a) contained a broad band centered at 290 cm1 with a shoulder at 340 cm1, which is attributed to amorphous Sb2S3 [9], [116]. The band centered at 145 cm1 is attributed to TiO2 [9], [116]. Bands centered at 126, 155, 188, 237, 281, 301, and 310 cm1 in the Raman spectrum of the sample (3220) grown at 220°C matched orthorhombic Sb2S3, according to literature [9], [116], [189]. After post deposition heat treatment, the Raman spectra of samples 3200170 (see paper I, Figure 1a), 3210170 and 3220170 (Figure 3.1a) also matched crystalline Sb2S3.

The Raman spectrum of the as-grown film (6200) deposited from SbCl3/TU = 1/6 solution at 200°C matched amorphous Sb2S3 (Figure 3.1b), and bands attributed to crystalline Sb2S3 were detected in Raman spectra of the films grown at 210°C (6210) and 220°C (6220; see paper I, Figure 1b). The major difference compared to films grown from SbCl3/TU = 1/3 solution was that crystallization occurred at 210°C during deposition and the intensity of the TiO2 band was magnified in relation to the intensity of the Sb2S3 bands (Figure 3.1b). After heat treatment, only bands attributed to crystalline Sb2S3 were detected (6200170, 6210170). Notably, bands attributable to secondary phases were not detected by Raman in any of the studied samples, irrespective of the deposition conditions.



[bookmark: _Ref82784211][image: ][image: ]

[bookmark: _Ref85814830]Figure 3.1. (a) Raman spectra of Sb2S3 thin films, (a) grown from SbCl3/TU = 1/3 solution at a deposition temperature of 210°C and 220°C, or (b) from SbCl3/TU = 1/6 solution at a deposition temperature of 200°C and 210°C, as-grown and after heat treatment. Substrate: glass/ITO/TiO2. Post deposition heat treatment: 170°C, 5104 Pa, 5 min.

According to XRD, there were no crystalline Sb-phases in the as-grown films deposited at 200°C (3200; see paper I, Figure 2a) and 210°C (3210; Figure 3.2a) from SbCl3/TU = 1/3 solution. After heat treatment of these samples in vacuum at 170°C, reflections attributed to crystalline Sb2S3 (ICDD 01-075-4012) were detected (3200170, paper I, Figure 2; 3210170, Figure 3.2a). Crystalline Sb2S3 was also detected in the thin film grown at 220°C (Figure 3.2a), both before (3220) and after heat treatment (3220170), indicating that Sb2S3 crystallized during deposition.

Secondary phases were not detected by XRD in any of the analyzed samples. 
The relative intensity of reflections attributed to Sb2S3 in these samples was similar to the ratio in the ICDD 01-075-4012 powder reference file. As the deposition temperature was increased from 200°C to 220°C, mean crystallite size calculated from the full width at half maximum of the reflection of the (2 0 2) crystallographic plane increased in the heat treated films from 19 nm to 100 nm (see paper I, Table 2).



[bookmark: _Ref83222736][image: ][image: ]

[bookmark: _Ref85814845]Figure 3.2. XRD patterns of as-grown and heat treated Sb2S3 thin films grown from (a) SbCl3/TU = 1/3 solution at a deposition temperature of 210°C and 220°C, or from (b) SbCl3/TU = 1/6 solution at a deposition temperature of 200°C and 210°C. Substrate: glass/ITO/TiO2. Post deposition heat treatment: 170°C, 5104 Pa, 5 min.

The as-grown film deposited at 200°C (6200; Figure 3.2b) from SbCl3/TU = 1/6 solution did not contain any crystalline Sb-containing phases, whereas the heat treated film (6200170; Figure 3.2b) was composed of crystalline Sb2S3, according to XRD. As-grown and heat treated films deposited at 210°C (6210 & 6210170 in Figure 3.2b) and 220°C (6220 & 6220170 in paper I, Figure 2b), contained crystalline Sb2S3, based on XRD, indicating crystallization during deposition. Secondary phases were not detected by XRD in any of these samples. Mean crystallite size in heat treated Sb2S3 films, calculated from the reflection of the (2 0 2) crystallographic plane, increased from 37 nm to 49 nm (see paper I, Table 2) as the deposition temperature was increased from 200°C to 220°C.

[bookmark: _Ref86323303]Table 3.2. Phase composition by XRD and Raman, S/Sb calculated from EDX, and Eg calculated from UV-VIS of Sb2S3 thin films deposited by USP from SbCl3/TU 1/3 and 1/6 solutions.

		SbCl3/TU in soln.

		Dep. temp., °C

		Phase composition of as-deposited filmsa

		S/Sb,

at%/at%

		Eg,

eV



		

		

		XRD

		Raman

		As-dep.

		Heat treated

		As-dep.

		Heat treated



		1/3

		200

		Amorph.

		a-Sb2S3

		1.3

		1.3

		2.6

		1.8



		

		210

		Amorph.

		a-Sb2S3

		1.3

		1.3

		2.7

		1.8



		

		220

		c-Sb2S3

		c-Sb2S3

		1.5

		1.5

		1.8

		1.8



		1/6

		200

		Amorph.

		a-Sb2S3

		1.6

		1.6

		2.7

		1.8



		

		210

		c-Sb2S3

		c-Sb2S3

		1.5

		1.6

		1.8

		1.8



		

		220

		c-Sb2S3

		c-Sb2S3

		1.5

		1.5

		1.8

		1.8





aa-Sb2S3 – amorphous Sb2S3; c-Sb2S3 – crystalline Sb2S3.



According to Raman and XRD, as SbCl3/TU in solution was increased from 1/3 to 1/6, crystalline Sb2S3 thin films were obtained at 220°C and 210°C, respectively. In a previous paper [9], Sb2S3 thin films grown at 250°C from a 15 mM SbCl3/TU = 1/3 solution were amorphous–crystalline, whereas using SbCl3/TU = 1/6 yielded separate grains of crystalline Sb2S3. Hence, increasing the concentration of TU vs SbCl3 in solution likely decreases the energy requirement for the amorphous-crystalline phase transition of Sb2S3 films during USP deposition. The phase composition of USP-grown Sb2S3 thin films, as measured by Raman and XRD, is summarized in Table 3.2.

[bookmark: _Toc85534640][bookmark: _Toc90996415]Elemental composition

According to energy dispersive X-ray spectroscopy (EDX), the Sb2S3 thin films grown at 200°C and 210°C from SbCl3/TU = 1/3 solution yielded an atomic ratio of S/Sb = 1.3 in 
as-grown state (Table 3.2), and after heat treatment. The Sb2S3 thin films grown at 220°C, however, yielded S/Sb = 1.5 before and after heat treatment. The increase of S/Sb from 1.3 to 1.5 as deposition temperature was increased from 210°C to 220°C could possibly be caused by the observed crystallization of Sb2S3 at 220°C during deposition.

The Sb2S3 thin films grown at 200°C from SbCl3/TU = 1/6 solution yielded a composition of S/Sb = 1.6 before and after heat treatment. The Sb2S3 thin films grown at 210°C, and 220°C from the same solution yielded an atomic ratio of S/Sb = 1.5–1.6, and 1.5, respectively. Increasing deposition temperature to 220°C caused S/Sb to approach stoichiometry in Sb2S3 thin films grown from either solution. Notably, heat treatment had no significant effect on S/Sb in any of the studied samples.

In comparison, an atomic ratio of S/Sb = 1.28 and 1.55 has been reported for Sb2S3 films grown by thermal co-evaporation [101]. Furthermore, an atomic ratio of S/Sb = 1.38, and 1.42 has been reported for amorphous, and crystalline Sb2S3 thin films, respectively, grown by thermal evaporation from a single Sb2S3 target [164].

Based on EDX measurements, the concentration of Cl and C in all of the USP-grown Sb2S3 thin films was below the detection limit. Notably, the fact that the atomic ratio of S/Sb in USP-grown Sb2S3 thin films is affected by SbCl3/TU in solution and deposition temperature, but not by heat treatment, provides a robust input to regulate the atomic ratio of S/Sb in the composition of Sb2S3 thin films grown by USP.

In addition, soft X-ray emission spectroscopy (XES) was applied at the Advanced Light Source synchrotron center in California, USA, to probe the chemical bonding of Sb and S atoms in USP-grown Sb2S3 thin films (see paper II, Figure 2). The XES spectra of 50 nm thick Sb2S3 films grown from SbCl3/TU = 1/3 and 1/6 solutions, in as-grown, and heat treated state (vacuum, 170°C or flowing N2, 300°C), with and without the ITO layer, were measured. The penetrating depth of the XES beam exceeded the thickness of the 
USP-grown Sb2S3 thin films. Therefore, the entire thickness of the Sb2S3 thin films was probed.

According to S L2,3 XES data, the center positions of the main transitions, designated as “S 3s” (147.5 eV), “Sb 5s” (151 eV), and “upper valence band” (156 eV), were constant for all measured samples, independent of the atomic ratio of S/Sb calculated from EDX. Moreover, XES data proved that the chemical bonding of Sb and S was similar in the studied Sb2S3 thin films. Hence, only the spectrum corresponding to a post deposition heat treated sample grown from SbCl3/TU = 1/3 solution at 220°C is shown in paper II, Figure 2. In addition, the presence of SO bonds was not detected by XES in any of the measured samples.

[bookmark: _Toc86678104][bookmark: _Toc86740367][bookmark: _Ref84944121][bookmark: _Toc85534641][bookmark: _Toc90996416]Optical properties

According to UV-VIS absorption coefficient calculations, the as-grown amorphous Sb2S3 thin films yielded a direct band gap (Eg) = 2.6–2.7 eV (see paper I, Table 5) and α = 105 cm1 at 400 nm wavelength (see paper I, Figure 7a,b), independent of deposition conditions. Samples containing crystalline Sb2S3 yielded a direct Eg = 1.8 eV and α = 105 cm1 at 650 nm wavelength (see paper I, Table 5), which is suitable for a thin film PV absorber layer. In literature, a direct Eg = 1.91–2.48 eV has been reported for amorphous Sb2S3 thin films [164], [195], [222], and a direct Eg = 1.6–1.78 eV for crystalline Sb2S3 thin films (see section 1.5, Table 1.1). Accordingly, the results reported herein are consistent with literature.

[bookmark: _Ref84951392][bookmark: _Toc85534642][bookmark: _Toc90996417]Morphology

The morphology of the entire series of Sb2S3 thin films is discussed in papers I and II. Here, the ultimate goal was to obtain uniform continuous Sb2S3 thin films. The amorphous Sb2S3 thin films grown at 200°C (3200) and 210°C (3210; Figure 3.3a, c) from SbCl3/TU = 1/3 solution had almost entirely coalesced into a continuous film at a film thickness of 70–90 nm.

Heat treatment of the amorphous as-grown Sb2S3 thin film (3210) caused the Sb2S3 to distribute into a continuous coating (3210170; Figure 3.3b, d), yielding an average lateral grain size  10 m (see paper II, Figure 1b). By 220°C, the growth mechanism had changed, as domains of separate Sb2S3 grains oriented at various angles were seen protruding from the substrate in SEM images (see paper I, Figure 3i, j).

The amorphous Sb2S3 thin film grown at 200°C from SbCl3/TU = 1/6 solution (6200; see Figure 3.3e, g) was thinner (50–70 nm) than the 1/3 counterpart (3200), leaving the underlying TiO2 film more exposed due to a shortage of material. The Sb2S3 thin film grown at 210°C (6210) was also discontinuous, and consisted partially of 400 nm thick pyramidal agglomerated grains (see paper I, Figure S5c, d). Increasing the deposition temperature to 220°C (6220) resulted in slanted or vertically aligned crystalline Sb2S3 grains without horizontal grain boundaries (see paper I, Figure 3e, f), which were separated by voids in the top-down view.

Heat treatment of the amorphous Sb2S3 thin film (6200; Figure 3.3f, h) flattened the surface of the film, but uncovered areas remained because there was not enough Sb2S3 to form a continuous film. Thus, uniform Sb2S3 thin films could likely be grown by USP at 200°C from SbCl3/TU = 1/6 solution if the deposition time is prolonged or the precursor concentration is increased sufficiently to fill in voids. That would be attainable at a film thickness of 80–90 nm, while ensuring that the amorphous state of Sb2S3 thin films is sustained during deposition.

In conclusion, the aim to deposit uniform phase pure Sb2S3 thin films was fulfilled by a two-step process. First, an amorphous film of Sb2S3, free of Cl, C, and secondary phases to detectable limits, was grown by USP in air at 200°C or 210°C from SbCl3/TU = 1/3 solution. Second, the film was crystallized by heat treatment in vacuum at 170°C. 

[bookmark: _Ref84336476][image: ]

[bookmark: _Ref86069707]Figure 3.3. Top-down and cross-section SEM views of as-grown and heat treated Sb2S3 thin films. (a, c) As-grown, and (b, d) heat treated Sb2S3 thin film deposited at 210°C from SbCl3/TU = 1/3 solution. (e, g) As-grown, and (f, h) heat treated Sb2S3 thin film deposited at 200°C from SbCl3/TU = 1/6 solution. Post deposition heat treatment: 170°C, 5 104 Pa, 5 min. Substrate: glass/ITO/TiO2.

[bookmark: _Toc86844020][bookmark: _Toc86845196][bookmark: _Toc86845261][bookmark: _Toc86845389][bookmark: _Toc85534643][bookmark: _Toc90996418]Growth mechanism of Sb2S3 thin films on a planar substrate

Sb2S3 thin films deposited by USP from SbCl3/TU solutions were determined to grow via the Volmer-Weber island growth mechanism (see paper I). Moreover, this is the only growth mechanism wherein the substrate is not entirely covered by a seed layer of the deposited material after the height of the growing clusters exceeds a few nm. In addition, films of materials that wet the substrate poorly, for various reasons, generally grow by the island growth mechanism. Therefore, in order to prepare uniform coatings of Sb2S3, the deposited film must have a thickness exceeding a threshold value (70–90 nm in case of USP of SbCl3/TU solution; Figure 3.3c, d, g, h) to allow the growing nuclei to coalesce.

The surface and cross-sectional views, by SEM, presented in Figure 3.3a–h, show that as thickness increases (see route A in Figure 3.4), the round amorphous Sb2S3 islands spread (step A1) until the entire substrate is covered (step A2), effectively eliminating pinholes and voids in the film. Afterwards, leaner sections are filled in until the film thickness equalizes (step A-3). The synthesis route of depositing an amorphous Sb2S3 layer until full coverage of the substrate is attained, followed by crystallization after deposition, led to the required continuous morphology. Alternatively, if the Sb2S3 thin film crystallizes during deposition, separate slanted grains are formed (route B in Figure 3.4).
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[bookmark: _Ref83633947][bookmark: _Ref86069845]Figure 3.4. Proposed growth mechanism of Sb2S3 films by USP from SbCl3/TU solution. After the liquid SbCl3/TU mixture decomposes into Sb2S3, the islands of amorphous Sb2S3 (A) grow on the substrate (1) until they coalesce and fill in voids (2), resulting in a continuous planar film at a thickness of 70–90 nm after crystallization (3). (B) In case the Sb2S3 thin film crystallizes during deposition, separate grains are formed.

In literature, Sb2S3 thin films have predominantly formed via the island growth mechanism on planar substrates when grown by chemical [116], [181], [223] and physical deposition methods [224], [225].

According to the results presented in Table 3.2 and the views by SEM, achieving a uniform phase pure Sb2S3 thin film by USP has laid the foundation for the preparation of efficient planar Sb2S3 thin film solar cells.

[bookmark: _Toc86323384][bookmark: _Toc86678108][bookmark: _Toc86740371][bookmark: _Toc86323391][bookmark: _Toc86678115][bookmark: _Toc86740378][bookmark: _Toc86323409][bookmark: _Toc86678133][bookmark: _Toc86740396][bookmark: _Toc86323418][bookmark: _Toc86678142][bookmark: _Toc86740405][bookmark: _Toc86323436][bookmark: _Toc86678160][bookmark: _Toc86740423][bookmark: _Toc86323445][bookmark: _Toc86678169][bookmark: _Toc86740432][bookmark: _Toc85534644][bookmark: _Toc90996419]Summary

To conclude, uniform and continuous Sb2S3 thin films, free of Cl, C, and secondary phases to the detection limit of the applied characterization techniques, were prepared by USP in air. The route to prepare these films involved the deposition of an amorphous Sb2S3 thin film with a thickness of 70–90 nm from a solution of SbCl3/TU = 1/3 at 200–210°C. Thereafter, heat treatment in high vacuum at 170°C yielded crystalline Sb2S3 films with Eg = 1.8 eV, S/Sb = 1.3, and average lateral grain size  10 m.

In case of spraying the SbCl3/TU = 1/6 solution at 200°C, the film thickness was not sufficient to achieve full coverage in the same procedure, although S/Sb = 1.6 was obtained instead. In general, films deposited from SbCl3/TU = 1/6 solution showed close to stoichiometric composition.

Sb2S3 thin films were determined to form by the 3D Volmer-Weber growth mechanism when deposited by USP. Furthermore, it was proven that directly depositing crystalline Sb2S3 thin films results in the incomplete coverage of the substrate by preferentially vertically growing separate Sb2S3 grains. The onset of crystallization decreased from 220°C for SbCl3/TU = 1/3 solution to 210°C for SbCl3/TU = 1/6 likely due to an interaction resulting from the additional mass of liquid TU residing at the surface of the substrate during deposition.



[bookmark: _Toc82173962][bookmark: _Toc83221958][bookmark: _Toc85534645][bookmark: _Toc90996420]Application of Sb2S3 thin films grown by ultrasonic spray pyrolysis in planar thin film solar cells

The Sb2S3 thin films deposited by USP from SbCl3/TU = 1/3 solution were tested in planar glass/ITO/TiO2/Sb2S3/P3HT/Au solar cells. The results of this study are published in paper II. Solar cells were prepared based on 30 nm, 70 nm, 100 nm, and 150 nm thick Sb2S3 films, as estimated by SEM, grown onto glass/ITO/TiO2 substrates at the optimized conditions (SbCl3/TU = 1/3, USP at 200°C, heat treatment at 170°C in vacuum, [II]). After capping the stack with P3HT/Au, the solar cells were tested for PV performance as a function of absorber thickness, cell area, storage time, and light intensity.

[bookmark: _Toc90996421]Influence of Sb2S3 film thickness on PV performance of solar cells

The solar cell stack is illustrated in Figure 3.5a. The cross-section of the most efficient solar cell with a 100 nm thick Sb2S3 film is presented in Figure 3.5b, and the photograph of a comparable back-contact-less glass/ITO/TiO2/Sb2S3 stack is presented in Figure 3.5c.
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[bookmark: _Ref86394998][bookmark: _Ref86740478]Figure 3.5. (a) Solar cell configuration. (b) SEM cross-section image of the best cell. (c) Photograph of a 100 nm thick crystalline Sb2S3 film on a 25 cm2 square glass/ITO/TiO2 substrate.

Inspection of the J-V scans of the best cell at each absorber thickness (Figure 3.6a) reveals a parabolic trend, as η = 1.6 % (30 nm), 4.4 % (70 nm), 4.7 % (100 nm absorber, cross section in Figure 3.6b), and 2.0 % (150 nm) was achieved. Regarding transparency, as the thickness of the Sb2S3 film in the glass/ITO/TiO2/Sb2S3 stack was increased from 70 nm to 100 nm (photograph in Figure 3.5c), and to 150 nm, the AVT of the back-contact-less stack decreased from 28 % to 26 %, and 16 %, respectively (Figure 3.6b). Therefore, 
as AVT  20 % is required, solar cells with a 70–100 nm thick USP-Sb2S3 film would provide the optimal combination of η and AVT for semitransparent PV applications. Although, reduction of AVT is expected due to the back contact, as shown in ref. [197].

In literature, η = 3.4 % and AVT = 13 % for the complete stack was achieved with a planar solar cell of glass/ITO/30 nm TiO2/85 nm Sb2S3/30 nm P3HT/10 nm Au, wherein Sb2S3 had been deposited by ALD [197].

The shape and magnitude of EQE provides insight on the spectral carrier collection efficiency in solar cells. The EQE spectra of the best solar cells with a 70 nm, 100 nm, and 150 nm thick Sb2S3 film (Figure 3.6b) convey that EQE decreases at longer wavelengths for solar cells with a 70 nm or 100 nm thick Sb2S3 film, and is level in the 350–650 nm wavelength range at an absorber thickness of 150 nm. EQE onset at 750 nm in all 
samples indicates Eg  1.65 eV for the Sb2S3 film. In addition, the wavy shape of EQE at 
350–500 nm wavelength is attributed to optical interference from ITO, TiO2 and Sb2S3 in the solar cell stack, and to the parasitic absorption in P3HT at 500–650 nm wavelength, as described in ref. [137] and paper II, Figure 3c.
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[bookmark: _Ref86743152]Figure 3.6. (a) Dark and light J-V curves of planar glass/ITO/TiO2/Sb2S3/P3HT/Au solar cells with a 30, 70, 100, and 150 nm thick USP-grown Sb2S3 absorber layer. (b) EQE of solar cells and transmittance of glass/ITO/TiO2/Sb2S3 reference samples with equivalent absorber thickness.

The increase in EQE at 550–750 nm wavelength is probably the result of increased light absorption capability in the 150 nm thick absorber. The simultaneous decrease in EQE at 350–550 nm wavelength could be partially caused by a decreased photogenerated hole diffusion capability from the region of the absorber near TiO2 to the Sb2S3/P3HT interface. A decrease in EQE at 350–550 nm was reported for ALD-Sb2S3 based planar FTO/TiO2/ZnS/Sb2S3/P3HT/Au solar cells after increasing absorber thickness from 90 nm to 162 nm, stating that the diffusion length of photogenerated holes is insufficient in thicker Sb2S3 films [148]. In a report on planar FTO/TiO2/ALD-Sb2S3/P3HT/PEDOT:PSS/Au solar cells, EQE decreased at 350–550 nm to a value lower than at 550–750 nm wavelength when the absorber thickness had been increased from 90 nm to 120 nm [8]. Hence, the EQE results presented herein are consistent with literature.

Reduced carrier collection efficiency at longer wavelengths, as observed in the EQE spectra of the solar cells based on a 70 nm or a 100 nm thick USP-grown Sb2S3 film, has been generally linked to a limited lifetime of holes in the absorber bulk in thin film solar cells [12]. A flat low response at all wavelengths, as seen in the EQE spectrum of the solar cell based on a 150 nm thick USP-grown Sb2S3 film, has been associated with a high series resistance or a back contact barrier [12]. Furthermore, if the carrier concentration in the absorber is low (1012 cm3 for CBD-Sb2S3 films [94] vs 1016–1017 cm3 for CdTe, CIGS), a flat low response in EQE has also been ascribed to a detrimentally long drift distance for photogenerated electrons and holes in the absorber [12].

According to J-V scans (Table 3.3), average VOC was similar (670–704 mV) when the absorber thickness was 30–100 nm, and decreased to 638 mV at an absorber thickness of 150 nm. As the absorber thickness was increased from 30 nm to 100 nm, average JSC increased proportionally to 10.3 mA cm2 due to increased photogeneration capability in the absorber. Average JSC was two times smaller at 150 nm vs 100 nm absorber thickness due to the three times larger RS, in turn caused by the increased thickness of the resistive ( = 23106  cm2 in dark) Sb2S3 absorber. FF was optimal (57 %) at 70 nm absorber thickness due to the smallest RS (7.4  cm2) in combination with the largest RSH (2.2 k cm2). Less optimal RS and RSH at other absorber thicknesses resulted in a proportionally reduced FF. Consequently, average η peaked at 3.7 % in solar cells with a 100 nm thick Sb2S3 absorber.

[bookmark: _Ref86396907][bookmark: _Ref84589255]Table 3.3. Solar cell output parameters depending on Sb2S3 film thickness.a

		Sb2S3

thickness, nm

		VOC,

mV

		JSC,

mA cm2

		FF,

%

		η,

%

		RS,

 cm2

		RSH,

k cm2

		No. of

cells



		30

		Avg.

		7047b

		4.80.3

		433

		1.50.1

		142.1

		0.50.1

		8



		

		Best

		705

		5.0

		46

		1.6

		18

		0.6

		



		70

		Avg.

		6708

		7.50.6

		574

		2.90.2

		7.40.6

		2.21.0

		9



		

		Best

		691

		11.5

		55

		4.4

		6.0

		1.1

		



		100

		Avg.

		69317

		10.31.0

		523

		3.70.4

		7.61.5

		0.90.3

		36



		

		Best

		726

		12.3

		52

		4.7

		5.9

		0.7

		



		150

		Avg.

		63816

		4.31.1

		441

		1.20.3

		265.2

		0.70.2

		8



		

		Best

		669

		6.9

		43

		2.0

		19

		0.4

		





aMeasurement conditions: 100 mW cm2; AM1.5G, Xe light source; cell area 7.1 mm2.

bStandard deviation.

[bookmark: _Toc86678189][bookmark: _Toc86740452][bookmark: _Toc83221963][bookmark: _Toc83221965][bookmark: _Toc85534647][bookmark: _Toc90996422]Influence of cell area, storage time and light intensity on PV performance of Sb2S3 solar cells

The effect of varying cell area on the PV performance parameters of USP-Sb2S3 thin film solar cells was investigated to assess the area scalability of USP-Sb2S3 solar cells, and to identify any potential shortcomings that could be addressed in later investigations. Solar cells were fabricated with a back contact area ranging from 1.7 to 180 mm2. The respective PV performance parameters were characterized via J-V scans in dark, and under light at AM1.5G (Figure 3.7a).

Increasing cell area caused VOC, JSC, FF, and η to decrease linearly, whereas RS increased linearly. The best cells of 1.7 mm2, 7.1 mm2 area, and the singular cells of 88 mm2 and 180 mm2 area yielded η = 5.5 %, 4.7 %, 3.2 %, and 1.5 %. It is noteworthy that a threefold increase was achieved compared to the previous best for USP-Sb2S3 solar cells of a comparable area of 1.7 mm2 and 100 mm2 (see section 1.5, Table 1.1).

The decrease in PV parameter values as cell area is increased to 88 mm2 and beyond is likely related to deviations in film uniformity and thickness of TiO2, Sb2S3, and P3HT, which is not as noticeable for contacts smaller than 10 mm2. Decreased PV performance at a larger solar cell area is a common issue for emerging and commercial PV alike [14], [41]. Thus, further research is required to optimize performance of USP-Sb2S3 solar cells via tuning of the film uniformity, thickness, and properties of all constituent layers.

Solar cells must withstand operation in fluctuating weather conditions for decades. Thus, it is instrumental to identify and solve any design flaws before committing to any particular cell architecture. Therefore, the impact of storage time on the PV performance parameters of a USP-Sb2S3 solar cell of 88 mm2 area was studied as a first approximation (see paper II, Figure 6). The unencapsulated cell was stored in ambient office conditions regulated by automated ventilation and air conditioning, and was exposed to cycles of fluorescent tube light and sunlight in VOC condition.
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[bookmark: _Ref82432369][bookmark: _Ref86678213][bookmark: _Ref88557898]Figure 3.7. Effect of cell area on the photoconversion parameters of planar ITO/TiO2/Sb2S3/P3HT/Au solar cells. Measurement: (a) Xe, AM1.5G, cell area 7.1 mm2. The lines are linear fits on the shown axes. The violet star marks the best device and the error bars represent standard deviation.

In the span of one year in storage, VOC remained stable, JSC decayed linearly (0.014 mA cm2 d1) as RS increased linearly over time, whereas RSH was constant. 
The cell gained FF at 0.0078 % d1, and η decayed from 3.2 % at 0.0024 % d1. 
In comparison, planar FTO/TiO2/spin coated Sb2S3/spiro-OMeTAD/Au cells (η = 4.3 %, area 10 mm2) kept in dark in dry N2 at room temperature without encapsulation lost η at 0.026 % d1 on average in 100 days [145]. Moreover, planar FTO/TiO2/spin coated Sb2S3/spiro-OMeTAD/Au cells (η = 4.2 %, area 10 mm2) stored in dark in air at room temperature, RH 85 %, without encapsulation lost η at a rate of 0.074 % d1 on average in 45 days [147]. Therefore, leaving aside the different unstandardized storage conditions and preparation procedures, the USP-based cell appears to decay at least 10 times slower than the aforementioned solar cells based on a spin coated Sb2S3 absorber.

According to literature, efforts are underway to stabilize η of Sb2S3 solar cells via e.g. post-growth selenization of the Sb2S3 film [139], SbCl3 treatment of the Sb2S3 film [147], or zinc halide treatment of the TiO2 layer [145]. In retrospect of these studies, device stability clearly depends on the passivation of the ETL/Sb2S3 and Sb2S3/HTL interfaces. Thus, further studies are required to achieve long-term stability for Sb2S3 solar cells.

In order to evaluate the effect of daily variations in sunlight on PV performance parameters, the J-V curve of a freshly prepared ITO/TiO2/USP-Sb2S3/P3HT/Au solar cell was measured at 3–100 mW cm-2 light intensity (see paper II, Figure 7).

The observed increase in η at reduced light intensity for the solar cell is mainly due to the relative increase in JSC, and FF. The increase in FF is caused by increased RSH, as RS was constant. Light intensity dependent RSH is characteristic to Sb2S3 based solar cells [6], [66], [97], [147], and is likely accentuated by the presence of the photosensitive P3HT layer [226].

The increased performance in dim light with or without the organic HTL emphasizes the prospect of installing Sb2S3 solar cells in regions shrouded by clouds, where light intensity is mostly below 100 mW cm2. Namely, according to satellite imagery, 67 % of the Earth is generally under cloud cover, and on average 55 % of land is covered by clouds [227]. Thus, developing PV dedicated to operation at reduced light intensity could be a target application for USP-Sb2S3 based solar cells.

[bookmark: _Toc83221969][bookmark: _Toc83221972][bookmark: _Toc83221981][bookmark: _Toc83221982][bookmark: _Toc85534648][bookmark: _Toc90996423]Summary

As a proof of concept, it was demonstrated that a planar USP-Sb2S3 solar cell with η = 5.5 % (1.7 cm2), 4.7 % (7.1 mm2), and 3.2 % (88 mm2) is achievable with a 100 nm thick USP-grown Sb2S3 thin film absorber by applying a two-step process to grow continuous phase pure Sb2S3 thin films. Thereby, it was proven that it is possible to prepare USP-Sb2S3 based solar cells that are comparable to in PV performance to the most efficient solar cells in literature.

Furthermore, the high resistivity of USP-grown Sb2S3 thin films manifested at a thickness of 150 nm, causing η of solar cells to decrease. Resistivity of the absorber could be reduced to a reasonable value via doping and grain growth engineering in the future.

The stack of glass/ITO/TiO2/USP-Sb2S3 yielded AVT = 26 % at an absorber thickness of 100 nm, proving that USP-Sb2S3 based solar cells are potentially applicable for semitransparent applications if combined with a suitably transparent back contact.

Increasing the cell area resulted in a steady loss of η likely due to variations in the thickness of the TiO2, Sb2S3, and P3HT films. Finding the exact causes requires continued investigation, and optimization of the optoelectronic properties and morphology of the bulk phase and interfaces between the component layers.

The decay of η over time of the 88 mm2 USP-Sb2S3 solar cell was 10 times slower compared to the degradation reported for solar cells based on a spin coated Sb2S3 film and spiro-OMeTAD, although the storage conditions were different in each study.

The magnified η of the ITO/TiO2/USP-Sb2S3/P3HT/Au solar cell at light intensity below 100 mW cm2 indicates that this type of solar cell could be especially suitable for application in conditions where reduced intensity of sunlight or diffuse light is prevalent. Although, more comprehensive investigation is required to discover the origin of this phenomenon.

[bookmark: _Toc85534649][bookmark: _Toc90996424]Thermal analysis of SbEX as an alternative precursor for depositing Sb2S3 thin films

In order to investigate the possibility of depositing uniform phase pure Sb2S3 thin films by USP from a halogenide-free precursor solution, reagents fitting the description were screened according to the conditions set in section 1.7.3. Moreover, as the lower limit for depositing Sb2S3 thin films from the SbCl3/TU solution was  200°C, precursors that would decompose below 200°C were considered. A melting point of  70°C and total decomposition into Sb2S3 at 160°C had been reported for antimony ethyl xanthate (Sb(S2COCH2CH3)3; SbEX) [183]. SbEX was selected because its decomposition temperature was lower than for any other compound under consideration.

Notably, the thermal decomposition of SbEX had not been studied by thermal analysis combined with online in situ evolved gas analysis and intermediate solid decomposition product analysis. Thus, a TG/DTA-EGA-MS analysis was undertaken to definitively describe the thermal decomposition of SbEX in an inert and an oxidizing atmosphere. 
The results of this study are published in paper III.

[bookmark: _Toc85534650][bookmark: _Toc90996425]Synthesis and identification of SbEX

The phase composition and purity of the SbEX powder synthesized in this study was determined by FTIR, Raman, nuclear magnetic resonance spectroscopy (NMR), EDX, and XRD. According to FTIR (see paper III, Figure 1, Table S1), several vibrational bands attributed to the functional groups of the EX ligand were detected. Bands attributed to SbEX were also detected by Raman (see paper III, Figure S1). According to qualitative 1D and 2D NMR, chemical shift values attributed to the functional groups in the sequence of S2COCH2CH3, i.e. the EX ligand, were detected (see paper III, Table 1). According to quantitative 1H(CH2) NMR, the powder contained 95 mol% SbEX (see paper III, Table 2). An atomic ratio of S/Sb of 5.70.1 (expected 6.0) was calculated from EDX data. 
The remainder was attributed to amorphous Sb2S3 based on Raman data. The XRD pattern of the synthesized powder matched the reference pattern of SbEX [228]. Thus, according to the combined data from FTIR, Raman, NMR, EDX, and XRD measurements, the composition of the substance was 95 mol% SbEX and 5 mol% amorphous Sb2S3.

[bookmark: _Toc85534651][bookmark: _Toc90996426]Thermal analysis of SbEX

SbEX decomposed thermally in the temperature range of 90–800°C in argon atmosphere in three steps or at 90–590°C in air atmosphere in four steps. After melting at 85°C, SbEX decomposed into Sb2S3 in an endothermic decomposition step at 90–170°C in argon (Figure 3.8a) and air (Figure 3.8b) atmosphere. A second, exothermic step occurred at 170–250°C in both atmospheres that purified Sb2S3 from decomposition residues and crystallized it. In the first and second decomposition step, the evolution of CS2, C2H5OH, CO, CO2, COS, H2O, and minor gases was detected proportionally to the mass loss of 66.3 % vs 2.1 % in argon, and 61.1 % vs 2.1 % in synthetic air (Table 3.4). Consequently, the proof provided in this study refutes a part of the explanation given for the thermal analysis of SbEX in two publications, wherein the mass loss in the second decomposition step has been unfoundedly attributed to the evolution of sulfur vapors [205], [219]. 

Furthermore, in argon atmosphere, the mass of Sb2S3 derived from SbEX remained stable until the characteristic melting point of Sb2S3 = 550°C, which reaffirmed the phase purity of Sb2S3 formed from SbEX. In argon atmosphere, the third decomposition step started at 590°C, ending with the total mass loss of the remaining material.

In air atmosphere, Raman analysis of the Sb2S3 product obtained at 170°C from SbEX confirmed oxidation of Sb2S3 in the form of Sb2O3. In air atmosphere, the third decomposition step proceeded at 250–495°C with an exothermic peak at 365°C. 
In addition, evolution of SO2 was detected by EGA-MS in that step. The residue at the end of the third decomposition step in air was Sb2O4, according to XRD. Heating SbEX to 350°C in air resulted in the formation of crystalline sulfates and oxides, according to XRD. In the fourth decomposition step in air in the range of 495–595°C with an exothermic peak at 570°C, SO2 continued to evolve. The residue at the end of the fourth decomposition step in air was Sb2O4, according to XRD.

The main thermal decomposition reactions of SbEX are described in paper III, Scheme 1, according to EGA-MS data recorded in Ar and air (see paper III, Figure 3a-i), and according to FTIR data of intermediate solid decomposition products heated at 115°C, and 160°C in either N2 or air (see paper III, Figure 4a, b).
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[bookmark: _Ref83721171]Figure 3.8. Thermal analysis curves (TG, DTG, DTA) of the SbEX powder in (a) argon (initial mass 11.6 mg), and (b) 80 % argon / 20 % oxygen (initial mass 13.9 mg). Gas flow: 60 mL min1. Measurement: in situ online coupled TG/DTA-MS system.

[bookmark: _Toc85534652][bookmark: _Toc90996427]Summary

According to the TG/DTA-EGA-MS measurement results, SbEX decomposed thermally in the temperature range of 90–800°C in argon atmosphere in three steps or at 90–590°C in air atmosphere in four steps. In argon and air, SbEX decomposed by 170°C into amorphous Sb2S3, according to Raman, and evolution of CS2, C2H5OH, CO, CO2, COS, H2O was detected by EGA-MS. A second endothermic step occurred at 170–255°C in argon, and 170–250°C in air, accompanied by the evolution of the same gases as in the first step. However, Sb2O3 was additionally detected by Raman in the intermediate product exposed to 170°C in air. The Sb2S3 formed from SbEX in argon remained stable until its melting point of 550°C. At temperatures above 270°C in air, oxidation of Sb2S3 continued, resulting in Sb2O4 at 590°C. Thus, in principle, SbEX is considered a prospective and novel precursor for the preparation of Sb2S3 in air at around 170°C. In addition, as Sb2S3 is expected to oxidize at around 170°C, a method to prevent oxidation is required.
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[bookmark: _Ref86751090][bookmark: _Ref83722145]Table 3.4. Thermal decomposition steps, mass losses, DTA and DTG peak temperatures, evolved gases, and phase composition of SbEX and its decomposition products heated in inert or air atmosphere. TG/DTA-MS data recorded at a heating rate of 10°C min1 with open Al2O3 crucible.

		Atmospherea

		Step

		Temp.

range, 

°C

		Mass loss at

end of step, 

%

		DTA peak

temp., 

°C

		DTG peak

temp., 

°C

		Evolved gases

by EGA-MSb

		Intermediate decomposition product



		

		

		

		

		

		

		

		Synth. temp.,

°C

		Phase composition

by XRD



		Inert

		Melt

		70–90

		0

		85 endo

		-

		

		Initial

		SbEX



		

		1

		90–170

		66.3

		140 endo

		135

		CS2, EtOH, CO, CO2, COS, H2O, EtSH, SO2

		115

		SbEX



		

		

		

		

		

		

		

		170

		–



		

		2

		170–255

		68.4

		235 exo, 250 exo

		240

		

		270

		Sb2S3



		

		3

		590–800

		100

		–

		–

		–

		730

		Sb2S3, Sb



		Air

		Melt

		70–90

		0

		85 endo

		–

		

		Initial

		SbEX



		

		1

		90–170

		61.1

		140 endo

		135

		CS2, EtOH, CO, CO2, COS, H2O, EtSH, SO2

		115

		SbEX



		

		

		

		

		

		

		

		170

		–



		

		2

		170–250

		63.2

		235 exo, 245 exo

		235

		

		270

		Sb2S3



		

		3

		250–495

		65.8

		365 exo

		350

		SO2

		350

		Sb2(S2O7)3, Sb2S3, Sb2O4



		

		4

		495–590

		66.8

		570 exo

		570

		SO2

		600

		Sb2O4





aAr or 80 % Ar / 20 % O2 for thermal analysis, N2 or air for intermediate solid decomposition product analysis.



bMajor gases in bold.
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[bookmark: _Ref83731240][bookmark: _Toc85534653][bookmark: _Toc90996428]Deposition of Sb2S3 thin films from SbEX solutions by ultrasonic spray pyrolysis

Solutions of antimony ethyl xanthate (SbEX), and SbEX with thiourea (TU) or thioacetamide (TA) were used at different deposition temperatures with the aim to deposit uniform and conformal phase pure Sb2S3 thin films by USP. The results of this study are published in paper IV.

[bookmark: _Toc85534654][bookmark: _Toc90996429]Deposition of Sb2S3 films from SbEX solution

Films were grown from a solution of SbEX by USP at 105°C, 135°C, and 165°C in air on a glass/ITO/TiO2 substrate (Table 3.5). Some films were then heat treated at 225°C, 2101 Pa. At first, deposition at 105°C was pursued to determine whether the synthesis route from SbEX film to crystalline Sb2S3 film would yield a pure phase. A thin film of SbEX was grown at 105°C. Heat treatment converted the film into orthorhombic Sb2S3, according to XRD and Raman data (Table 3.5). Analysis of this sample by FTIR revealed bands positioned at 1025 cm1 and 1225 cm1, attributed to vibrations of SbEX. As presence of SbEX in the heat treated film is contrary to the aim of the thesis, these films were excluded from further discussion.

[bookmark: _Ref83810383]Table 3.5. Phase composition (XRD, Raman, FTIR) of films deposited from SbEX solution by USP. Substrate: glass/ITO/TiO2. Heat treatment: 225°C, 2101 Pa, 30 min.

		Deposition temperature, °C

		Film state

		Phase composition



		

		

		XRD

		Raman

		FTIR



		105

		As-grown

		SbEX

		SbEX

		SbEX



		

		Heat treated

		Sb2S3

		Sb2S3

		SbEX



		135

		As-grown

		–

		amorph. Sb2S3

		–



		

		Heat treated

		–

		Sb2S3

		–



		165

		As-grown

		Sb2O3

		N/Ma

		N/M





aN/M – Not measured.



The thermal analysis results of paper III could not be directly converted for use with USP. Thus, films were grown by USP in air from a solution of SbEX at a deposition temperature of 135°C and 165°C, followed by heat treatment. As could be predicted based on the results of paper III, the film grown at 135°C contained amorphous Sb2S3, and the film grown at 165°C contained crystalline Sb2O3 (Table 3.5). The Sb2S3 layer grown at 135°C did not crystallize after heat treatment in vacuum at 225°C, likely due to an inhibiting effect of decomposition residues (atomic ratios of C/Sb = 0.6, S/Sb = 0.4 calculated from EDX data; see paper IV, section 3.1). Thus, the first preparation route in its form of implementation was not successful in achieving the aim of the thesis. Consequently, these negative results explicitly confirm that suppressing oxidation in this USP deposition process is absolutely necessary to achieve phase pure Sb2S3 thin films.



[bookmark: _Toc85534655][bookmark: _Toc90996430]Deposition of Sb2S3 films from SbEX/thioamide solutions

Thiourea (TU) and thioacetamide (TA) were chosen for the role of liquid protective layer as simple thioamides. TU melts at 180°C and loses 84.3 % of initial mass by 237°C [229], whereas TA is reported to melt at 110°C and decompose at 120–200°C without leaving any solid residues [230]. Consequently, TU is expected to form a temporary liquid protective coating at 180–250°C, and TA at 120–220°C.

In addition, thermal analysis coupled with evolved gas analysis of TA was used to clarify its melting point, mass loss and gaseous products in the temperature range of interest (100–300°C) in air. TA melts at 120°C, degrades into H2S and CH3CN at 150–210°C, and a black colored amorphous solid residue of 3.2 % of its initial mass remains by 210°C (see paper IV, Figure 4a, b). Some CH3CN oxidizes into H2O and N2O. Evidently, TA decomposes at a suitable temperature after melting, fulfilling the requirements for use in USP with SbEX.

Solutions of SbEX/TU = 1/1 and 1/3, and SbEX/TA = 1/3 and 1/10 dissolved in acetonitrile were sprayed by USP in air at 135°C, 165°C, and 215°C with the aim to grow Sb2S3 thin films. The respective deposition conditions are outlined in Table 3.6 with the resultant phase composition, atomic ratio of S/Sb, and band gap of the Sb2S3 films.

[bookmark: _Ref86756551][bookmark: _Ref84942824]Table 3.6. Phase composition (XRD, Raman), calculated S/Sb atomic ratio (EDX), and calculated band gap (UV-VIS) data of films deposited from SbEX/thioamide solution by USP. Substrate: glass/ITO/TiO2. Heat treatment: 225°C, 2101 Pa, 30 min.

		Solution comp.

		Molar ratio in solution

		Depos. temp., °C

		Phase compositiona

		S/Sb, at%/at%

		Eg, 

eV



		

		

		

		As-grown

		Heat treated

		Heat treated

		Heat treated



		SbEX/TU

		1/1

		165

		a-Sb2S3

		c-Sb2S3

		1.1

		1.8



		

		1/3

		135

		a-Sb2S3

		c-Sb2S3

		N/Mb

		>2.5



		

		

		165

		a-Sb2S3

		c-Sb2S3

		1.3

		1.8



		

		

		215

		a-Sb2S3

		c-Sb2S3

		1.5

		1.8



		SbEX/TA

		1/3

		165

		a-Sb2S3

		c-Sb2S3, c-Sb2O3

		N/M

		1.8



		

		1/10

		135

		a-Sb2S3

		c-Sb2S3

		1.2

		1.8



		

		

		165

		a-Sb2S3

		c-Sb2S3

		1.4

		1.8



		

		

		215

		a-Sb2S3

		c-Sb2S3

		1.4

		1.8





aa-Sb2S3 – amorphous Sb2S3. c- Sb2S3 – crystalline Sb2S3.

bN/M – Not measured.



The as-grown films contained only amorphous Sb2S3, as confirmed by Raman, XRD, and FTIR. The band gap calculated from UV-VIS data was in excess of 2.2 eV for as-grown Sb2S3 films, and 1.8 eV for heat treated Sb2S3 films (Table 3.6), in line with literature (see section 3.1.3). Spraying the SbEX/TU = 1/1 solution at 165°C yielded films with S/Sb = 1.1 after heat treatment. Hence, SbEX/TU = 1/3 was used thereafter. Increasing the deposition temperature from 165°C to 215°C caused the atomic ratio of S/Sb in the heat treated film to increase from 1.3 to 1.5. Thus, films grown at 215°C are expected to contain fewer residues.

Spraying the SbEX/TA = 1/3 solution at 165°C yielded films containing Sb2O3 after heat treatment, indicating a lack of thioamide. Thus, SbEX/TA was increased to 1/10 to avoid oxidation of the Sb2S3 film. The atomic ratio of S/Sb was calculated as 1.4 for films grown at 165°C and 215°C. Thus, the concentration of residues is estimated to be similar, as TA decomposes readily above 150°C [IV]. Impurities were not detected by EDX or FTIR in any heat treated film. Thus, all Sb2S3 films grown from either solution were phase pure after heat treatment to the detection limit of Raman, XRD, FTIR, and EDX.

As the aim was to obtain uniform and continuous phase pure Sb2S3 thin films, the morphology of films grown at 165°C and 215°C from SbEX/TU = 1/3 and SbEX/TA = 1/10 solution was examined by SEM (Figure 3.9). The films grown at 165°C appeared in both cases porous and uneven after heat treatment (Figure 3.9a, c, e, g), indicating an incomplete decomposition of the reagents during deposition.
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[bookmark: _Ref89181032]Figure 3.9. Top-down and cross-section SEM views of Sb2S3 films grown by USP from a solution of SbEX/TU = 1/3 at 165°C (a, e), and 215°C (b, f), or from a solution of SbEX/TA = 1/10 at 165°C (c, g), and 215°C (d, h), after heat treatment. Substrate: glass/ITO/TiO2. Heat treatment: 225°C, 2101 Pa, 30 min.

After heat treatment, the films grown at 215°C were compact, 50 nm thick, consisting of grains 40–280 nm by 30–130 nm (SbEX/TU = 1/3; Figure 3.9b, f), or 150 nm thick, consisting of grains 50–150 nm by 25–40 nm (SbEX/TA = 1/10; Figure 3.9d, h). Compared to Sb2S3 films grown from SbCl3/TU = 1/3 solution at 200°C after heat treatment (see paper II, Figure 1b), the lateral grain size of the films grown from SbEX/TU = 1/3 solution was smaller by about an order of magnitude, and mean crystallite size, calculated with respect to the reflection of the (2 0 2) crystallographic plane, was smaller by about a third (386 nm vs 274 nm). Therefore, the deposition of Sb2S3 thin films by USP from SbEX solutions requires further optimization to achieve comparable results.

Three routes were identified for growing Sb2S3 films from SbEX solutions by USP. First (Figure 3.10a), if there is a lack of thioamide to suppress oxidation of the growing film, Sb2O3 forms. Second (Figure 3.10b), if more thioamide reaches the substrate than can be decomposed in one USP cycle, solid residues accumulate within the growing film. During heat treatment, these trapped residues decompose into gaseous products, which carve voids into the film. Third (Figure 3.10c), if the concentration of thioamide is in the optimal range at a deposition temperature of 215°C to decompose SbEX, a balanced process ensues. Therein, the growing film is protected from oxidation by the liquid thioamide film, yet the precursor and the thioamide decompose sufficiently to allow to prepare a continuous phase pure crystalline Sb2S3 thin film after heat treatment.
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[bookmark: _Ref85028365]Figure 3.10. The growth of Sb-containing films from SbEX solutions by USP. (a) Deposition at 165°C with insufficient thioamide yields porous Sb2O3. (b) Deposition from SbEX/TU = 1/3 or SbEX/TA = 1/10 solution at 135–165°C yields porous Sb2S3 coatings after heat treatment due to leftover residues. (c) Deposition from SbEX/TU = 1/3 or SbEX/TA = 1/10 solution at 215°C yields compact and uniform Sb2S3 thin films after heat treatment due to an appropriate quantity of thioamide in solution.

[bookmark: _Toc85534656][bookmark: _Toc90996431]Summary

The deposition of uniform phase pure Sb2S3 thin films from SbEX by USP in air was accomplished by adding an appropriate amount of thioamide to the spray solution (SbEX/TU = 1/3 or SbEX/TA = 1/10) at a deposition temperature of 215°C, and heat treating the resulting amorphous phase pure Sb2S3 layers in vacuum at 225°C.

Adding an insufficient quantity of thioamide, or none at all, to the spray solution causes the growing Sb2S3 layer to oxidize. According to FTIR, Raman, and XRD measurements of glass/ITO/TiO2/Sb2S3 stacks, and the thermal analysis of TA, both TU and TA are liquid and decompose readily at 165–215°C, thereby forming a transient liquid barrier that blocks oxidation of the growing Sb2S3 layer.

In addition, if the amount of thioamide is excessive at the deposition temperature (165°C) that is required to completely decompose the byproducts, a porous Sb2S3 film is formed after heat treatment.



[bookmark: _Toc85534657][bookmark: _Toc90996432]Conclusions

This thesis was focused on the development of the preparation process to obtain continuous uniform phase pure polycrystalline Sb2S3 thin films by ultrasonic spray pyrolysis (USP) for photovoltaic applications.

The novelty of this study is that the technological route was developed for preparing continuous phase pure Sb2S3 thin films on a planar substrate from Sb(TU)3Cl3 formed in solution by a two-step process. The result was achieved by tuning the solution composition and USP deposition temperature, and the post-deposition heat treatment temperature. Furthermore, it was proven that these Sb2S3 thin films grown by USP are applicable for use in planar thin film solar cells, yielding up to 5.5 % power conversion efficiency after optimizing the thickness of the absorber. Moreover, thermal analysis and intermediate solid decomposition product analysis of antimony ethyl xanthate (SbEX) was done to assess its applicability as a precursor for depositing Sb2S3 thin films by USP. Finally, the technological route to deposit continuous phase pure Sb2S3 thin films by a two-step process from a solution of SbEX/thiourea (TU) or SbEX/thioacetamide (TA) was developed by tuning the deposition temperature and precursor solution composition.

The conclusions of this study are as follows:



1) Changing the deposition temperature and SbCl3/TU molar ratio in solution was demonstrated to affect the phase composition, elemental composition and morphology of the Sb2S3 thin films deposited by USP in air at 200–220°C. Spraying a solution of SbCl3/TU = 1/6 at a deposition temperature of 210°C or 220°C (or SbCl3/TU = 1/3 at 220°C) yielded phase pure and crystalline (XRD, Raman), yet discontinuous (SEM) as-grown Sb2S3 thin films. Thus, continuous Sb2S3 thin films could not be prepared in one step by USP. Spraying a solution of SbCl3/TU = 1/6 at 200°C or a solution of SbCl3/TU = 1/3 at 200°C or 210°C yielded amorphous phase pure Sb2S3 thin films. In case of SbCl3/TU = 1/3, the films were 70–90 nm thick and continuous, whereas in case of SbCl3/TU = 1/6, the films were 50–70 nm thick and discontinuous. The amorphous Sb2S3 films grown from a solution of SbCl3/TU = 1/3 at 200°C or 210°C were crystallized after heat treatment at the optimized conditions of 170°C, 5104 Pa, yielding a continuous morphology, an atomic ratio of S/Sb = 1.3, and Eg  1.8 eV. Thus, the technological procedure to obtain continuous phase pure crystalline Sb2S3 thin films was achieved by applying a two-step process. It involved the deposition of a continuous amorphous Sb2S3 films by USP in air at 200–210°C, followed by post-growth heat treatment at 170°C, 5104 Pa.

2) Continuous crystalline Sb2S3 thin films grown by USP from a solution of SbCl3/TU = 1/3 at 200°C in air, and heat treated at 170°C, 5104 Pa, were applicable as the absorber layer in planar ITO/TiO2/Sb2S3/P3HT/Au thin film solar cells, according to J-V and EQE. The optimal thickness of the Sb2S3 absorber film was 100 nm, based on η of solar cells. Accordingly, solar cells based on a 100 nm thick USP-grown Sb2S3 film yielded η of up to 5.5 % (1.7 mm2), 4.7 % (7.1 mm2), and 3.2 % (88 mm2) at AM1.5G conditions, indicating PV performance approaching the state-of-the-art of planar Sb2S3 solar cells.

3) According to TG/DTA-EGA-MS, SbEX decomposed thermally in the temperature range of 90–800°C in argon atmosphere in three steps or at 
90–590°C in air atmosphere in four steps. In argon and air, SbEX melted at 85°C, and decomposed by 170°C into amorphous Sb2S3, according to Raman, and evolution of CS2, C2H5OH, CO, CO2, COS, H2O was detected by EGA-MS. 
A second endothermic step occurred at 170–255°C in argon, and 170–250°C in air, yielding crystalline Sb2S3, accompanied by the evolution of the same gases as in the first step. However, Sb2O3 was detected by Raman in the intermediate product exposed to 170°C in air. The Sb2S3 formed from SbEX in argon remained stable until its melting point of 550°C. At temperatures above 270°C in air, oxidation of Sb2S3 continued, resulting in Sb2O4 at 590°C. Thus, in principle, SbEX is considered a prospective and novel precursor for the preparation of Sb2S3 in air at around 170°C. Although, as partial oxidation of Sb2S3 is expected at  170°C, a method to prevent oxidation is required.

4) Spraying a solution of SbEX at 105°C or 165°C by USP on a planar glass/ITO/TiO2 substrate in air yielded contaminated Sb2S3 after heat treatment at 225°C in vacuum, or crystalline Sb2O3, respectively. Thus, addition of thioamides to the spray solution and usage of a deposition temperature of 165°C was found to be necessary to prevent oxidation and contamination, according to XRD, Raman, and FTIR. Spraying a solution of SbEX/TU = 1/3 or SbEX/TA = 1/10 at 165°C by USP yielded phase pure, yet porous Sb2S3 thin films after heat treatment at 225°C in vacuum. Thus, increasing the deposition temperature to 215°C proved necessary to obtain continuous amorphous phase pure Sb2S3 thin films from a solution of SbEX by USP in air. Employing heat treatment at 225°C in vacuum yielded continuous phase pure crystalline Sb2S3 thin films with an atomic ratio of S/Sb = 1.5, Eg = 1.8 eV (SbEX/TU = 1/3) or an atomic ratio of S/Sb = 1.4, Eg = 1.8 eV (SbEX/TA = 1/10), respectively. Thus, the preparation of continuous phase pure Sb2S3 thin films by USP from SbEX was feasible, requiring a two-step approach, wherein amorphous Sb2S3 thin films were grown by USP in air with a thioamide additive, followed by crystallization at 225°C, 2101 Pa.



In all, it was proven that continuous phase pure thin films of Sb2S3 can be prepared by USP in air from a solution of Sb(TU)3Cl3, SbEX/TU = 1/3 or SbEX/TA = 1/10 after adapting a two-step preparation sequence. Depositing a sufficiently thick amorphous Sb2S3 film by USP allowed to obtain a continuous film after heat treatment. Thus, USP was demonstrated as a robust and broadly applicable method to deposit continuous phase pure Sb2S3 thin films. Furthermore, planar solar cells, based on a Sb2S3 thin film grown by USP in air from a solution of Sb(TU)3Cl3, with state-of-the-art power conversion efficiency were demonstrated, paving the way for future development of solar cells prepared in part, or fully, by USP in air. According to thermal analysis results, SbEX is a suitable precursor for USP as SbEX decomposes into Sb2S3 at 170°C in an inert atmosphere. Moreover, thermal analysis provided the insight that heating SbEX to 170°C in air causes the resultant Sb2S3 phase to oxidize. The two-step deposition approach developed herein could possibly be adapted to deposit continuous thin films of other metal sulfide or selenides in air at elevated temperatures from solutions of halide-containing or -free coordination complexes.


[bookmark: _Ref87603842][bookmark: _Toc90996433]Future outlook

In parallel to the progression of this research, the knowledge base on tuning the morphology, phase composition and optoelectronic properties of Sb2S3 thin films and relevant highly efficient solar cells has expanded.

A vertically aligned grain structure in Sb2S3 films is beneficial for η of solar cells due to a shorter charge carrier extraction path and a reduction in horizontally aligned grain boundaries in the bulk of the absorber [166], [167]. Controllable grain growth and passivation of the ETL has been achieved by either modifying the surface of the ETL [144], [145], or by depositing a seed layer [149]–[151]. Thus, developing vertically aligned grain growth in Sb2S3 thin films by USP via engineering of the solution composition and substrate surface appears to have merit.

In addition, doping of Sb2S3 films has been attempted with less than a dozen elements so far, yielding an improvement in the morphology and electronic properties of the absorber and η of solar cells [108], [140], [141]. Thus, in situ doping of Sb2S3 thin films grown by USP is worth investigating after controllable grain growth has been achieved.

Furthermore, post-growth heat treatment in a sulfurizing or selenizing atmosphere should be applied for Sb2S3 films deposited by USP. Applying this type of treatment has been demonstrated to increase the phase purity, and decrease the concentration of deep level defects in the bulk of Sb2S3 coatings grown by other methods [6], [118], [137]. Alternatively, the optoelectronic properties of Sb2(S,Se)3 films have been tuned by optimizing the ratio of S/Se during deposition, yielding η = 10.5 % in Sb2(S,Se)3 thin film solar cells [77].

In addition, the electronic properties of Sb2S3 thin films grown by USP have not yet been characterized systematically. Moreover, extensive characterization of the physical properties of USP-Sb2S3 films, including bulk and surface defects, is needed to provide feedback for technological parameters.

As semitransparent PV is likely to be the main application for Sb2S3 thin film solar cells, a suitably transparent and stable HTL and back contact have to be developed. In addition, stabilization of all interfaces in the stack, and encapsulation is required to sustain the PV performance of the USP-Sb2S3 thin film solar cells over reasonable periods of time for practical applications. Thus, passivation of surface defects at all interfaces should be a priority.
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Deposition of Sb2S3 thin films by ultrasonic spray pyrolysis for photovoltaic applications

Converting sunlight to useable energy is one of the major processes that can satisfy the ever increasing global demand for electricity, while abiding by the conditions for climate neutrality. Evidently, converting sunlight to electricity does not pollute the environment or cause global warming. In addition, emerging technologies are based on affordable and available raw materials in order to intensify energy independence, and to decrease the environmental impact of freighting. However, environmentally friendly production of solar cells does entail a frugal consumption of materials and energy. To that end, novel solar cell concepts are being developed for various fields of application to produce pollution free energy. Some of these applications are, for example, semitransparent solar windows, tandem and bifacial solar cells. In addition to roof-mounted installations, building and product integrated devices, e.g. photovoltaic greenhouse glass, are also being developed.

As the outlined applications require stable performance of photovoltaics for decades, research on solar cells based on a stable inorganic absorber, e.g. Sb2S3, has become relevant. Ensuring the formation of a continuous Sb2S3 film with an appropriate thickness is the most basic requirement to create a solar cell with appreciable power conversion efficiency. However, continuous phase pure Sb2S3 thin films, and corresponding solar cells have not been prepared by ultrasonic spray pyrolysis. Ultrasonic spray pyrolysis is an appropriate method for the task, as it is established, applicable in air, robust, rapid, and area-scalable.

Therefore, the topic of this thesis is to prepare continuous phase pure Sb2S3 thin films for photovoltaic applications by ultrasonic spray pyrolysis in air to assess whether these films could be applied as the absorber in planar solar cells. In order to achieve the aim of the study, the effect of deposition temperature, precursor solution composition and concentration on the phase composition, elemental composition, optical properties and morphology of the prepared Sb2S3 thin films was investigated. In addition, solar cells were prepared based on the Sb2S3 thin films grown by ultrasonic spray pyrolysis, and the respective physical output parameters were studied.

Films grown by spraying a solution of SbCl3 and thiourea in a molar ratio of 1/3 or 1/6 were investigated. Spraying a solution of SbCl3 and thiourea in a molar ratio of 1/3 at a temperature of 220°C or a solution of SbCl3 and thiourea in a molar ratio of 1/6 at 210°C or 220°C yielded discontinuous crystalline phase pure Sb2S3 films. On the contrary, spraying a solution of SbCl3 and thiourea in a molar ratio of 1/6 at a temperature of 200°C yielded a discontinuous amorphous phase pure Sb2S3 thin film, which crystallized, yet did not change in morphology after heat treatment in vacuum at 170°C. Spraying a solution of SbCl3 and thiourea in a molar ratio of 1/3 at a temperature of 200°C or 210°C yielded a continuous amorphous 70–90 nm thick phase pure Sb2S3 thin film. Heat treatment of these films in vacuum at 170°C resulted in continuous crystalline phase pure Sb2S3 thin films. Thus, a two-step process proved suitable to deposit continuous uniform phase pure Sb2S3 thin films.

Sb2S3 thin film that had been deposited from a solution of SbCl3 and thiourea in a molar ratio of 1/3 at a temperature of 200°C, and heat treated, were tested in planar thin film solar cells. According to the results of this study, the power conversion efficiency of solar cells depends on the thickness of the Sb2S3 absorber film. The highest power conversion efficiency of up to 5.5 % was achieved in planar solar cells of ITO/TiO2/Sb2S3/P3HT/Au by employing a 100 nm thick Sb2S3 thin film. Preliminary results indicate that, in principle, the Sb2S3 thin films grown by ultrasonic spray pyrolysis are applicable as the absorber film in planar solar cells. However, further research and development is needed, because the films were not sufficiently uniform. The results of the storage time test indicate that the power conversion efficiency of an unencapsulated Sb2S3 solar cell is more stable over time compared to organic or perovskite photovoltaics.

According to the knowledge at the time, it was unknown whether and how phase pure Sb2S3 thin films could be deposited from solutions of other coordination complexes. 
The suitability of antimony ethyl xanthate as a precursor for ultrasonic spray pyrolysis was assessed based on the results of the thermal analysis study. Antimony ethyl xanthate decomposed below 170°C into Sb2S3 in an inert atmosphere, but oxidized in air. Therefore, a two-step process was applied to deposit uniform continuous Sb2S3 thin films. Amorphous Sb2S3 thin films were deposited at a temperature of 215°C by ultrasonic spray pyrolysis in air from a solution of antimony ethyl xanthate and thiourea or thioacetamide in a molar ratio of 1/3 or 1/10. Heat treatment at a temperature of 225°C in vacuum proved appropriate to crystallize these thin films. The crystallized Sb2S3 thin films had Eg = 1.8 eV and S/Sb = 1.5 (thiourea based) or S/Sb = 1.4 (thioacetamide based).

[bookmark: _GoBack]In conclusion, the preparation of compact phase pure Sb2S3 thin films by ultrasonic spray pyrolysis in air from a halogenide-containing and -free coordination complex solution was reported for the first time in the scope of this study. It was proven that highly efficient planar solar cells can be prepared from continuous Sb2S3 thin films 
grown by ultrasonic spray pyrolysis in air. In addition, it was demonstrated that the 
back-contact-less stack of glass/ITO/TiO2/Sb2S3 is in principle suitable for semitransparent photovoltaic applications, e.g. solar windows, bifacial tandem devices, as well as building and product integrated devices. Thus, the results of this study are useful for the preparation of continuous phase pure Sb2S3 thin films in an air environment, and also for the research and development of conventional and semitransparent solar cells and products based thereon.
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Päikesepatareides rakendatavate Sb2S3 õhukeste kilede sadestamine ultrahelipihustuspürolüüsi meetodil

Päikesevalgusest energia tootmine on üks peamisi tehnoloogiaid, millega täita pidevalt kasvavat ülemaailmset elektrienergia nõudlust kliimaneutraalsel viisil. Teatavasti ei saasta päikesevalgusest energia tootmine keskkonda ega põhjusta kliimasoojenemist. Lisaks põhinevad uued arendamisjärgus tehnoloogiad soodsal ja kättesaadaval toormel, et suurendada energiatootmise iseseisvust ja vähendada transpordi mõju keskkonnale. Selleks, et toota päikesepatareisid keskkonnasõbralikul viisil, on eeldatud, et materjali ja energiat tarbitakse säästlikult. Seetõttu kavandatakse ka uusi päikesepatareilahendusi erinevate kasutusvaldkondade jaoks. Uudsete rakenduste sekka kuulub näiteks päikesepatareide integreerimine läbipaistvates aknaklaasides, paaris- ja kahepoolsetes seadistes. Lisaks katusepaigaldistele on arendamisel ka ehitis- ja tooteintegreeritud seadised, nt päikesepatareiga kaetud kasvuhooneklaas.

Päikesepatareide töövõime peab püsima aastakümnete vältel, mistõttu on oluline arendada vastupidavatel anorgaanilistel neeldumiskihtidel, nt Sb2S3, põhinevaid päikesepatareisid. Selleks, et valmistada arvestatava kasuteguriga päikesepatarei, peab Sb2S3 kile olema eelkõige pidev ja sobiva paksusega. Seni pole pidevaid faasipuhtaid Sb2S3 õhukesi kilesid ega asjakohaseid päikesepatareisid ultrahelipihustuspürolüüsi meetodit rakendades valmistatud. Ultrahelipihustuspürolüüs sobib antud ülesande täitmiseks, sest see on kauaaegse arengu läbinud kiire võimekas ja suure tootmismahuga meetod, mida saab õhus rakendada.

Käesoleva doktoritöö eesmärgiks oli valmistada faasipuhtad pidevad Sb2S3 õhukesed kiled ultrahelipihustuspürolüüsi meetodil, et hinnata, kuivõrd rakendatavad need on päikesepatareides. Töö eesmärgi saavutamiseks uuriti, kuidas sadestustemperatuur, lähteaine lahuse koostis ja lähteainete kontsentratsioon mõjutavad Sb2S3 õhukeste kilede faasi- ja elementkoostist, optilisi omadusi ja morfoloogiat. Lisaks valmistati ultrahelipihustuspürolüüsi meetodil sadestatud Sb2S3 õhukestest kiledest päikesepatareid ja uuriti nende füüsikalisi väljundparameetreid.

Töös uuriti kilesid, mis olid sadestatud SbCl3 ja tiouurea moolsuhtes 1/3 ja 1/6 lahuse pihustamisel. Pihustades SbCl3 ja tiouurea moolsuhtes 1/3 lahust temperatuuril 220°C või moolsuhtes 1/6 lahust temperatuuril 210°C või 220°C tekkis kristalne ja faasipuhas, kuid ebaühtlane Sb2S3 kile. Seevastu, pihustades SbCl3 ja tiouurea moolsuhtes 1/6 lahust temperatuuril 200°C kasvas katkendlik amorfne faasipuhas Sb2S3 kile, mis kristalliseerus, kuid ei muutnud kuju pärast kuumutamist vaakumis temperatuuril 170°C. Pihustades SbCl3 ja tiouurea moolsuhtes 1/3 lahust õhus temperatuuril 200°C või 210°C tekkis ühtlane amorfne 70–90 nm paksune faasipuhas Sb2S3 kile. Kuumutades neid amorfseid kilesid vaakumis temperatuuril 170°C tekkis pidev kristalne faasipuhas Sb2S3 kile. Seega osutus, et kaheastmeline protsess sobis pidevate ja ühtlaste faasipuhaste Sb2S3 õhukeste kilede valmistamiseks.

Sb2S3 kilesid, mis olid sadestatud SbCl3 ja tiouurea moolsuhtes 1/3 lahusest õhus temperatuuril 200°C, katsetati tasastes päikesepatareides. Töös selgus, et päikesepatarei kasutegur sõltub Sb2S3 neeldumiskihi paksusest. Parim kasuteguri väärtus 5.5 % saavutati ITO/TiO2/Sb2S3/P3HT/Au päikesepatareides, kui Sb2S3 kile paksus oli 100 nm. Esialgse katse tulemustest avaldub, et sisuliselt on ultrahelipihustuspürolüüsi meetodil sadestatud Sb2S3 kilesid võimalik kasutada tasase päikesepatarei neeldumiskihina. 

Uurimis- ja arendustööga on siiski vaja jätkata, sest kiled ei olnud veel piisavalt ühtlased. Hoiustamiskatse tulemustest on näha, et kaitsekihtideta Sb2S3 päikesepatarei kasutegur on ajas püsivam kui orgaanilistel või perovskiit-päikesepatareideil.

Senise teadmuse põhjal ei olnud kindel, kas ja kuidas on võimalik ultrahelipihustuspürolüüsiga sadestada faasipuhtaid Sb2S3 kilesid teiste kompleksühendite lahustest. Termilise analüüsi tulemuste põhjal hinnati, kas antimonetüülksantaat sobib ultrahelipihustuspürolüüsi lähteaineks. Antimonetüülksantaat lagunes temperatuuril alla 170°C, moodustades Sb2S3, mis säilitas inertkeskkonnas puhtusastme, kuid oksüdeerus õhus. Seetõttu rakendati ühtlaste pidevate Sb2S3 õhukeste kilede valmistamiseks kaheastmelist protsessi. Amorfsed Sb2S3 kiled sadestati temperatuuril 215°C ultrahelipihustuspürolüüsi meetodil õhus antimonetüülksantaadi ja tiouurea või tioatseetamiidi lahusest, mis oli vastavalt moolsuhtes 1/3 või 1/10. Kilede kristallimiseks osutus sobivaks neid kuumutada vaakumis temperatuuril 225°C. Kristalliseerunud Sb2S3 kiledele arvutati Eg = 1.8 eV ja aatomsuhe S/Sb = 1.5 (tiouurea-põhine) või S/Sb = 1.4 (tioatseetamiidi-põhine).



Kokkuvõtteks sadestati selle uurimustöö raames esmakordselt ultrahelipihustuspürolüüsi meetodil õhukeskkonnas halogeniidi-põhise, kuid ka -vaba kompleksühendi lahusest pidevad faasipuhtad Sb2S3 õhukesed kiled. Tõestati, et ultrahelipihustuspürolüüsi meetodil õhukeskkonnas sadestatud pidevatest Sb2S3 kiledest saab valmistada arvestatava kasuteguriga päikesepatareisid. Lisaks näidati, et tagakontaktita klaas/ITO/TiO2/Sb2S3 struktuur sobib põhimõtteliselt poolläbipaistva päikesepatarei rakendustes, nt päikesepatareiakendes, paaris-, kahepoolsetes ja ehitis- või tooteintegreeritud seadistes rakendamiseks. Seetõttu on antud uurimistöö tulemustest kasu nii pidevate puhtafaasiliste Sb2S3 kilede valmistamisel õhukeskkonnas, kui ka tavapäraste ja poolläbipaistvate õhukesekileliste päikesepatareide ning nendel põhinevate toodete edaspidisel arendamisel.
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