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a b s t r a c t

Although many environmentally friendly and non-toxic materials have been investigated for photovol-
taic conversion (PVC) applications, Sb2S3 is the material of choice as an absorber in thin-film solar cells
due to its broad-band optical response and excellent electrical properties. Though an Sb2S3 thin-film was
predicted to have a 28% efficiency, the reported efficiency of 7% is significantly lower than the theo-
retically predicted efficiency and less competitive compared to other similar thin-film solar cells. This
review investigates how structural and morphological changes in Sb2S3 thin films contribute to the
current state of Sb2S3 solar cell development to understand and improve current device performance. We
first discuss the fundamental structure and properties of Sb2S3 and then show how morphology and
structural changes in Sb2S3 thin films produced using various fabrication techniques and conditions
affect solar cell performance. This research includes several significant recent developments and current
research trends that will pave the way for future improvements in the performance of Sb2S3-based
photovoltaic solar cells.

© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As the world's population continues to grow exponentially, so
makes the energy demand. The majority of today's energy demand
is met by fossil fuels, which are in short supply and pollute the
environment by emitting gases such as CO2, SO2, NO2, CO, etc. [1]
The total global energy demand is gradually increasing, with a 48%
increase expected in 2040 compared to 2012 [2]. As a result, it is
critical to identify and exploit environmentally clean and renew-
able energy sources that can replace conventional energy re-
sources. Renewable energy consumption grows faster than other
energy sources, increasing by an average of 2.6% per year. There are
numerous renewable energy sources available, including wind,
hydro, bio, and solar energy, where 1 h of solar energy strikes the
earth is enough to meet the world's annual energy consumption
[2]. Therefore, solar photovoltaic (PV) technology has become
popular, and more research is being conducted to improve the ef-
ficiency of light-harvesting ability and conversion of light energy
into electrical energy. On a global scale, the annual installed power
ana), manjeevan@gmail.com
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capacity of solar PV is increasing at a faster rate [3]. Since solar PV
has drawbacks such as higher fabrication/installation costs and
lower power conversion efficiency (PCE), the research trend is
primarily focused on synthesizing high-efficiency, low-cost light-
harvesting earth-abundant materials with novel properties and a
large number of studies have been conducted using chalcogenides
thin-film solar cells [4e6]. Thin-film solar cells based on CdTe and
CIGSSe, had power conversion efficiencies of 22.1 and 23.4%,
respectively [7,8]. Thin-film solar cells based on CdTe and CIGSSe,
on the other hand, are not cost-effective due to the use of highly
sophisticated vacuum-based deposition methods in the fabrication
of inorganic thin-film, such as vacuum evaporation and magnetron
sputtering [5,7]. Due to their negative effects such as high fabri-
cation costs, scarcity of tellurium (Te) and indium (In), and toxicity
of Cd and Se, research on newmaterials such as Sb2Se3 and Sb2S3 is
being focused [9,10]. Among them, Sb2S3 is an excellent candidate
due to its unique properties, which include a high absorbance co-
efficient (1.8 � 105 cm�1 at 450 nm), a 1.7 eV bandgap enabling
absorbing visible regions of the spectrum, better stability in air and
moisture, abundant raw materials, and availability of environ-
mentally friendly fabrication processes [11e13]. Furthermore, the
high crystalline quality films that can be synthesized at low tem-
peratures due to Sb2S3's lowmelting point (~550 �C) and the better
n open access article under the CC BY license (http://creativecommons.org/licenses/
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electron collection efficiency due to high electron diffusion length
(290e900 nm) in Sb2S3 are some of the other favorable properties
resulting in improved solar cell performance.

An Sb2S3 solar cell has a device structure similar to that of a dye-
sensitized solar cell, which includes an electron transport layer,
light-harvesting material, hole transport material, and a back
contact (Fig. 1). When illuminated, the electron in the valence band
of the Sb2S3 layer absorbs the light to form an excited state, and the
excited electron is injected into the TiO2 layer from the Sb2S3
absorber layer. Holes that are generated by the excitation of light
are moved towards the p-type hole transport layer and collected by
the back contact of the solar cell. The external connection between
the photoanode and the back contact of the solar cell leads to follow
the electron from the electron-rich photoanode to back contact
through the external load resulting in electricity. The widely used
electron transport materials are TiO2, ZnO, SnO2, and CdS [14e19]
and mostly used hole transport materials are copper thiocyanate
(CuSCN) [4,17], poly (3-hexylthiophene) (P3HT) [4,14,20], spiro-
OMeTAD [21], NiOx [22], V2O5 [23], gel polymer electrolyte [24]
and liquid electrolyte [20,25]. As back contact, Au [12,14,26] or Ag
[15,16,22] are commonly used. Recently, carbon was used as both
HTM and back contact in Sb2S3 solar cells [27]. Fig. 2 shows the
different stacking methods of Sb2S3 thin-film solar cells.

Recent reviews have reported on the advancement of Sb2S3-
based solar cells, and in those reviews, Sb2S3-based photovoltaic
devices focusing on semiconductor-sensitized and planar solar cells
were comprehensively discussed, and preparation methods of
antimony chalcogenide-based materials were briefly outlined
[4,32]. The morphology of the Sb2S3 thin film, on the other hand, is
one of the critical factors that contribute to device performance,
which is dependent on the fabrication method. Different mor-
phologies derived from the Sb2S3 fabrication method may pave the
way for the development of optimized and highly efficient Sb2S3-
based solar cells and hence the morphology-dependent solar cell
performance of Sb2S3 solar cells must be scrutinized. As a result, the
focus of this review work is primarily on the effect of morphology
and structure changes in Sb2S3 films on solar cell performance,
which could be achieved through various fabrication methods and
conditions on pristine Sb2S3 films.
Fig. 1. Schematic diagram of solid-state nanocrystalline Sb2S3 thin-film solar cells and the de
materials, respectively.
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Thin Sb2S3 films with different nanostructures such as smooth
and textured have been fabricated by several methods such as
chemical bath deposition (CBD) [15,18], spray pyrolysis [33e35],
electro-deposition [36], thermal evaporation [37], atomic layer
deposition (ALD) [14,38] and spin coating [22,39], etc. Table 1
summarizes the advantages and disadvantages of each Sb2S3 thin
film deposition method.

As briefly discussed below, optimizing the structure and
morphology of the light-harvesting Sb2S3 layer in solar cells by
selecting the appropriate Sb2S3 film deposition technique improves
device performance significantly. In solar cells, especially the
charge carrier transport in planar solar cells is heavily influenced by
absorber morphology. Large, compact grains are preferred to
reduce grain boundary scattering and improve carrier transit across
the film. The conventional CBD process and post-annealing
approach do not typically produce large-grained compact films.
Other methods and strategies to improve morphology have
recently been employed. Sb2S3 planer thin-film solar cells have
recently achieved 7.5% and 6.9% efficiency by sulfurizing with thi-
oacetamide (TA) [11] and SbCl3 treatment of the absorber layer,
respectively [52]. When synthesized by spin-coating, Sung et al.
discovered that rough TiO2, as opposed to flat TiO2, can improve the
quality of Sb2S3 morphology and, as a result, device performance
[53]. To obtain large grains, Wang et al. improved their solution-
based deposition recipe [54]. As briefly discussed, optimizing the
structure and morphology of the light-harvesting Sb2S3 layer in
solar cells by selecting the appropriate Sb2S3 film deposition
technique significantly improves device performance. This timely
review is required to address the effect of morphology and struc-
ture changes in Sb2S3 films produced by thin Sb2S3 film fabrication
methods, and thus on the performance of solar cells to address the
development of promising Sb2S3-based solar cells in the future.

2. Structure and morphology of Sb2S3

2.1. Basic structure and properties of Sb2S3

Antimony sulfide (Sb2S3) is a binary layered chalcogenide
semiconductor of the A2B3 family (A ¼ As, Sb, Bi and B ¼ S, Se, Te)
position methods; ETM, HTM refer the electron transport materials and hole transport



Fig. 2. Different stacking of Sb2S3 thin-film solar cells: (a) Glass/FTO/TiO2/Sb2S3/Au. Reproduced with permission [28], 2017, Elsevier. (b) Glass/FTO/SnO2/Sb2S3/P3HT/Au. Repro-
duced with permission [29], 2018, Elsevier. (c) Glass/FTO/compact TiO2/Cs2CO3/Sb2S3/P3HT/Au. Reproduced under terms of the CC-BY license [30], 2019, springer. (d) Glass/FTO/
Compact Sb2S3/CdS/i-ZnO/ITO/Al. Reproduced with permission [31], 2019, Elsevier.
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with high photosensitivity and thermoelectric properties [37,55].
The mineral form of Sb2S3 is known as stibnite and crystallizes at
room conditions, and has an orthorhombic Pbnm space group
crystal structure [4]. The calculated Sb2S3 lattice constants were
a ¼ 11.3107 A

�
, b ¼ 3.8363 A

�
and, c ¼ 11.2285 A

�
and, the density

was 4.62 g cm�3 [55,56]. As shown in Fig. 3(a) and (b), the
structure of infinite (Sb4S6) chains is formed parallel to the needle
axis (c-axis). In that, four minerals of the stibnite family crystallize
in an orthorhombic structure consisting of parallel one-
dimensional (A4B6)n ribbons (chains), with A ¼ Sb, Bi, and B ¼ S,
Se [57]. At room pressure, Sb atoms are in two distinct positions, in
each Sb is bonded with three and four S atoms with short and
longer bonds respectively. These chains are linked to form crum-
pled (zigzag) sheets perpendicular to the a-axis or plane (100), and
Table 1
Advantages, disadvantages of different types of deposition techniques and challenges fac

Deposition technique Advantages Disadvantage

ALD High-quality films Slow depositi
Uniform layers Expensive
Precise thickness

Spray pyrolysis Easy to produce the doped films Precursor is a
Low cost
Thickness is controllable
No restriction for the dimension
of the sample
Can be used in low temperatures
(200e500 �C)
Quiet compact and uniform film
Different composition films can
be produced

CBD Low cost Slow
Easy arrangements Additional an
Can be done at room temperature Film thicknes

measured
Quiet uniform film Precursor is a

Electro-deposition Growth controllable Amorphous fi
Low cost
Low wastage of precursors Precursor is a
Quiet uniform layer
Simple arrangements

Thermal evaporation Film rate controllable Instrument ex
Compact and uniform layer
Fast film growth Vacuum syste
Thickness measurable
High-quality films Relatively low
Possible to produce multilayers

RF sputter Good uniformity over a large area Vacuum syste
Fast film growth
Possible at room temperature
Smooth morphology

Spin coating Smooth and compact film Precursor solu

Simplest arrangement
Thickness controllable

3

these sheets (two per unit cell) are held together, which are held
together to ensure perfect cleavage perpendicular to the b-axis.
Antimonesulfur (SbeS) bonds are mainly covalent [56]. Fig. 3 (b)
depicts the fundamental building blocks of the stibnite structure
(Sb2S3 crystal), and the bond lengths within the ribbons differ due
to different coordination by Sb and S. Because strong covalent
bonding is dominant within the ribbon along the c axis, stibnite is
less compressible along the c-axis compared to other directions,
and electron concentration is high within the ribbons. However,
atoms in ribbons and sheets are held together by very weak
dangling bonds, particularly in a-axis [100] leading to single
crystals cleaving easily in the direction perpendicular to the (100)
plane. The orthorhombic Sb2S3 cubic crystal structure is strongly
anisotropic due to the formation of infinite (Sb4S6)n ribbon-like
ed in every deposition technique.

s Challenges Ref

on Additional annealing required [38,40]

liquid solution Thickness is not directly measured [41e43]
Possess surface roughness

Impurities formation [44e46]
nealing required No linear growth
s is not directly Amorphous films

liquid solution
lms Poor adhesion [36]

liquid solution

pensive Additional annealing required [47e50]

m required
S loss due to high pressure

throughput

m required High voltage could cause defects [31,51]

Poor crystallinity

tion is wasted Films with large areas
produce non-uniformity

[39,43]

Film thickness is not directly measured
Additional annealing required



Fig. 3. Schematic diagram of quasi-1-dimensional structural Sb2S3. Side view (a) and aero view, reproduced under terms of the CC-BY license [59], 2021, Nature. (b) Of [Sb4S6]
ribbons along the c axis. Reproduced under terms of the CC-BY license [59]., 2021, Nature.
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structures along the c-axis and very low dangling bonds at the
surfaces perpendicular to the (001) plane, and thus one-
dimensional (1D) ribbons exhibit highly anisotropic charge
transport properties along with the ribbon structure, and solar cell
performance is inextricably linked to the plane orientation [58].

The anisotropic nature of Sb2S3 and the distribution of bond
lengths affect defect formation and energy levels in the bandgap
[4]. The partial valence electron density is classified into three en-
ergy groups: low energy, medium energy, and high energy. Within
each valence band group, the bands are highly dispersed along the
ribbon direction [001] and less dispersed (flat) in other directions,
such as [100] and [010]. These characters are highly dependent on
the orientation of the path [60,61]. Since the band structure of
Sb2S3 crystal highly resembles one another, Sb-5s and Sb-5p or-
bitals dominate the formation band structure more than S-3s and
S-3p states. As a result, the experimental and theoretical bandgap
values for Sb2S3 differ from the obtained values. The estimated
bandgap of Sb2S3 is varied in the range of 1.56e2.25 eV [61]. The
bandgap in amorphous Sb2S3 is indirect, whereas the bandgap in
crystalline Sb2S3 is direct [62]. At room temperature, however,
stibnite is a direct bandgap semiconductor. As the bandgap of Sb2S3
decreases with the increase of Sb2S3 crystallinity, the absorption of
Sb2S3 increases with crystallinity [60]. Furthermore, the energy
gaps vary with thickness. Relatively high absorption coefficient (a)
has been experimentally determined in the order of 104e105 cm�1

in the visible range and near-IR spectral range [35]. The Sb2S3 films
are non-degenerate and n-type at room temperature [63], and the
conductivity of stibnite is 10�8e10�9 U�1cm�1 at room tempera-
ture. Bohac and Kaufmann reported that in Sb2S3 crystal, the re-
sistivity parallel to the ribbon direction is 100 times less than
perpendicular [63]. In contrast, Roy et al. discovered that the con-
ductivity along the ribbon is approximately 100 times greater than
that of sheets [55]. Since the electrical conductivity of the films is
temperature-dependent, attempts have been made to increase the
conductivity by increasing the temperature of Sb2S3 films. At
different temperatures, electrons in Sb2S3 jump from one site to
another at the range of temperature 310e550 K, and as the tem-
perature rises, the electrons become excited and free to move,
resulting in increased electrical conductivity. In this review, wewill
discuss how Sb2S3 preparation methodologies influence the mor-
phologies, structures, optoelectronic properties, and solar cell
performance of both planar heterojunction and mesoporous Sb2S3
sensitized solar cells in the following sections.
4

2.2. Chemical methods

In chemical methods, the medium is prepared by using appro-
priate chemical compounds, including ionic solutions of the desired
compound, solvents, surfactants, etc. Thermal/chemical treatments
may be required after chemical compound deposition to achieve
the desired phase. Chemical bath deposition (CBD) [64], spin
coating [39], spray pyrolysis [33], electrodeposition [36], chemical
vapor deposition (CVD) [65], dip-dry [66], and successive ionic
layer adsorption and reaction method [67] have all been investi-
gated to prepare Sb2S3 films (Table 2).

2.2.1. Chemical bath deposition
The chemical bath deposition (CBD) process is a solution-based

synthesis method that has primarily been studied as a low-cost,
convenient technique for large-area deposition of semiconductor
thin film materials on various substrates.

In 1990, Sb2S3 was deposited by CBD for the first time using
potassium antimony tartrate as an antimony source, thioacetamide
as a reducing agent, and triethanolamine (TEA) as a complexing
agent [101]. In this method, Sb2S3 was synthesized by reducing the
Sb- triethanolamine complex formed with thioacetamide. The re-
sistivity of as-deposited Sb2S3 films was reported to be high and the
thermal treatment of the Sb2S3 film in a nitrogen environment at
300 �C resulted in a decrease in resistivity due to sulfur loss during
the annealing process, resulting in n-type behavior of the Sb2S3
film. Furthermore, heat treatment increases the grain size of Sb2S3,
improves crystallinity and decreases the bandgap [101]. Later,
Savadogo et al. discovered that increasing the grain size of Sb2S3
through heat treatment reduces the grain boundary and hence the
enhancement of the solar cell performance and the improvement
was attributed to the decrease in grain boundary scattering, surface
scattering, and space charge scattering as grain boundary area de-
creases [102]. Furthermore, the inclusion of Silicotungstic Acid
(STA) in the Sb2S3 deposition process improved the photovoltaic
properties due to the formation of energy states between the
bandgap and facilitated charge transfer properties at the electrode
interface [102]. Instead of using thioacetamide, by using Na2S2O3 as
a sulfur source, a uniform and compact thin film (0.3e0.4 mm) of
Sb2S3 could be deposited in acidic (pH of around 2e3) or alkaline
media (a pH of 8e10) in the presence of an EDTA complexing agent
[103]. The deposition of Sb2S3 in acidic and alkaline media reveals a
bandgap from 1.97 to 1.82 eV, respectively [103]. However, when
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the Sb2S3 is formed in an aqueous medium, the formation of im-
purities has been reported due to hydrolysis reactions yielding
SbOCl, Sb(OH)3, etc. [79,104] By changing the reaction medium to a
non-aqueous 2-chloromethane, impurity-free Sb2S3 has been re-
ported [105].

The use of various Sb and S sources, solvents, temperatures of
the precursors and complexing agents has improved the quality of
Sb2S3 films [79]. The formation of some Sb2O3 nanostructures on
the surface of Sb2S3 in the air but not in N2 indicates the importance
of annealing conditions in obtaining Sb2O3-free Sb2S3 films [106].
The effect of Sb concentration and annealing temperature on the
quality of the Sb2S3 thin film was investigated by Srikanth [107]
et al. and noted the increase in the grain size and the decrease in the
Table 2
Performance of devices fabricated through different Sb2S3 fabrication methods.

Deposition
methods

Experimental conditions Controlled property

ALD Number of atomic cycle Crystallinity

Thickness of Sb2S3
Interfacial layer Surface continuity

CBD Depositing time Crystallinity
Depositing time Surface morphology and

crystallinity
Surface treatment Surface morphology
Doping process Coverage and crystallinity
Oxidation time Surface morphology
Doping process Uniformity
Annealing process Crystallinity
Surface treatment Surface defect

Spin coating Surface treatment Impurity phases
Spin coating cycles Crystallinity
SbCl3:TU ratio Grain size
Annealing temperature Surface roughness and grain size
SbCl3:TU ratio Grain growth and size
SbCl3 concentration Uniformity
Concentration of TU Surface coverage
Zn doping Crystallinity
Alkali metal doping Crystallinity and grain size
Pre-annealing process Impurity phases
Doping process Surface uniformity
Annealing temperature Crystallinity
Spinning speeds Pin holes
Interfacial layer (SbCl3) Surface continuity
S/Sb ratio Surface morphology

VTD Deposition temperature Grain growth
Hydrothermal Low temperature e

Heating temperature Grain size
Doping process Crystal growth

RF sputter Annealing temperature Crystallinity
Cu doping Surface Uniformity
Surface treatment Crystallinity and surface

morphology
Spray pyrolysis Thickness of Sb2S3 Surface continuity
SIILAR Annealing temperature Crystallinity

Interfacial layer Homogeneity and
rough surface

Thickness of Sb2S3 Crystallinity
Solvothermal Amount of SbCl3 Grain size
Thermal

evaporation
Thickness of Sb2S3 Grain size
Depositing temperature Grain size and growth
Thickness of Sb2S3 Surface morphology
Crystallization temperature Crystallinity
Surface treatment Grain size and boundaries
Pre-heating of substrate Crystallinity
Thickness of Sb2S3 Grain size
Surface treatment Surface continuity
Selenization time Grain growth
Substrate temperature Grain growth
Doping process Grain size and crystallinity
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strain and dislocation density with the increase of antimony con-
centration. In their work, the particle size is found to be 2e4 mm
with 0.1 M Sb, and by increasing the Sb concentrations further to
0.2 M, large-sized spherical grains of 8e10 mm in diameter have
been reported, indicating particle growth at higher Sb concentra-
tions and attributed to the growth mechanism involved in thin
films. Further, it has been reported the decrease in bandgap with an
increase in Sb concentrations is due to improved grain size growth
and/or to a decrease in defect level. However, the mechanism of
growth or how thickness affects crystalline size has not been clearly
demonstrated [107]. On the other hand, it has been demonstrated
that maintaining the pH at acidic levels of 2.3 and 2.53 results in
better crystalline quality of Sb2S3 films [107].
Optimized condition of
champion Sb2S3 cell

Photovoltaic parameters Ref

PCE (%) Jsc (mA/cm2) Voc (V) FF (%)

150 cycles 2.6 11.6 0.49 48.0 [17]
1600 cycles 5.77 14.92 0.67 58.0 [14]
54 nm 3.4 13.5 0.62 41.0 [68]
ZnS 2.0 e e e [69]
3 h 5.06 12.3 0.55 69.9 [70]
4 h 4.65 17.0 0.50 54.7 [71]

DPA 3.9 14.2 0.51 54.0 [72]
Ti doped 5.7 16.5 0.61 57.2 [73]
1 min 2.4 9.1 0.62 41.9 [74]
Mn doped 6.15 17.6 0.66 53.0 [75]
Annealed Sb2S3 1.78 4.83 0.66 55.8 [76]
TA þ DPA 3.23 10.31 0.55 57.0 [77]
TA sulfurization 7.5 16.1 0.71 65.0 [11]
4 cycles 2.3 8.12 0.62 45.9 [78]
1:1.8 4.4 12.7 0.49 66.5 [79]
300 �C 4.3 12.9 0.63 52.4 [54]
1:1 2.65 9.43 0.56 50.3 [39]
16 mg/ml 6.27 14.73 0.65 65.7 [80]
6 M 5.69 14.34 0.66 60.4 [81]
4.8% 6.35 17.19 0.65 57.1 [58]
Cs-doped 6.56 17.3 0.69 55.2 [82]
Under vacuum 6.78 18.43 0.67 54.8 [83]
C60 doped 1.75 8.44 0.49 42.2 [84]
350 �C 1.7 8.44 0.52 38.0 [85]
3000 rpm 2.38 9.52 0.52 48.0 [85]
30 mg/ml 6.94 17.16 0.71 56.9 [52]
1.2 2.84 9.61 0.74 40.0 [86]
480 �C 4.7 15.2 0.71 56.0 [87]
300 �C 1.32 5.2 0.56 45.4 [29]
230 �C 3.54 12.5 0.45 62.8 [88]
Cd doped 6.4 15.1 0.76 56.1 [89]
350 �C 2.4 10.5 0.54 42.6 [31]
8.6% 1.13 5.17 0.49 44.6 [90]
Selenization 0.95 10.3 0.31 30.8 [51]

100 nm 3.7 10.3 0.69 52.0 [91]
300 �C 1.47 12.15 0.39 31.0 [25]
In2S3 4.9 7.8 0.55 58.0 [92]

62 nm 5.69 14.3 0.66 60.4 [81]
0.9 mmol 3.46 12.5 0.45 61.7 [93]
450 nm 1.27 6.1 0.6 35.0 [94]
550 �C 2.37 8.21 0.68 45.3 [95]
100 nm 1.69 6.5 0.59 44.0 [50]
300 �C 2.48 11.1 0.52 43.1 [28]
Selenization 3.22 10.2 0.57 55.3 [28]
320 �C 3.01 10.9 0.59 46.8 [96]
800 nm 2.86 10.9 0.58 45.3 [97]
Selenization 4.17 11.4 0.71 51.2 [47]
15 min 2.13 8.8 0.52 46.4 [98]
300 �C 1.29 5.9 0.58 37.8 [99]
Sulfur doped 5.8 16.2 0.71 50.7 [100]
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To investigate the Sb2S3 thickness dependence solar cell per-
formance, Xiaoping et al. fabricated photoactive electrodes with
thick and thin Sb2S3-sensitized layers, polyaniline hole conductors,
and counter electrodes [108]. Despite the presence of a large
amount of Sb2S3 in thick film, the device with the thin Sb2S3
sensitized layer demonstrated an efficiency of 3.8%, while the thick
Sb2S3 demonstrated an efficiency of 0.88%. The observed solar cell
performance was primarily attributed to the deposition of a
3e5 nm thin layer of Sb2S3 on TiO2 nanoparticles with diluted
precursor concentrations, demonstrating the necessity of
conformal deposition of Sb2S3. As shown schematically in Fig. 4(a),
the importance of having the well-aligned band between TiO2,
Sb2S3, and P3HT, as well as intimate contact between Sb2S3 and
P3HT, for efficient transfer and collection of excited charge carriers
was demonstrated by Chang et al. [70] For further improvement of
interface properties between Sb2S3 and P3HT, a porous P3HT layer
was fabricated by adding 2,20-azobisisobutyronitrile (AIBN) as a
nanopore-generating agent into the P3HT solution or blending
Sb2S3 with P3HT and PCBM polymers [93]. The addition of a porous
P3HT layer to an mp-TiO2/Sb2S3/P3HT heterojunction solar cell
increased the efficiency by approximately 16% when compared to
the flat or non-porous P3HT layer. The improvement was primarily
attributed to an increase in charge collection efficiency due to the
porous P3HT structure, which would extend the interface area
between P3HT-Au and also P3HT-Sb2S3, resulting in a reduction in
charge transfer resistance between P3HT and the Au electrode as
well as a shortening of the charge transfer time.

One of the major factors limiting the efficiency of m-TiO2/Sb2S3
solar cells is the thickness of the light-harvesting layer, which
cannot be increased to improve light harvesting because a thicker
Sb2S3 results in a lower interfacial charge collection efficiency
[110]. Hence, to address and optimize the thickness of the Sb2S3
layer, Cardoso et al. proposed the use of 1-D TiO2 nanostructures
(Fig. 4(b)) as such high surface area 1-D architectures provide a
larger interface area, allowing the use of a thicker Sb2S3 film
without sacrificing charge collection efficiency [71]. The crystal
phase of the chemical bath deposited Sb2S3 thin films onto TiO2
nanowires were found to be amorphous, producing Sb2S3 in the
orthorhombic phase alone (310) plane oriented parallel to the
substrate upon annealing in air, Ar or N2 at temperatures above
250 �C. With an overall efficiency of 4.5%, the FTO|TiO2 nanowire
Sb2S3/P3HT|PEDOT: PSS|Au solar cells demonstrated a high short
circuit photocurrent density (Jsc) of 17 mA cm�2 which has been
attributed primarily to the rapid collection of photogenerated
charges due to the 1-D nanowire geometry. However, the low Voc
of Sb2S3 solar cells based on 1-D TiO2 nanostructures limited their
efficiency, and further study has to be carried out to achieve a
Fig. 4. (a) (i) Energy level diagram and (ii) Schematic diagram of FTO/dense-TiO2/mp-TiO2/
Society (b) Schematic diagram of the FTO|TiO2 nanowire array/Sb2S3/P3HT/PEDOT:PSS/A
Reproduced with permission [71], 2012, Royal Society of Chemistry (c) EQE spectra: the r
samples: T ¼ mp-TiO2, S ¼ Sb2S3, P ¼ P3HT, and PeP¼ P3HT/PCBM. Reproduced with perm
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higher Voc [71]. However, it has been demonstrated a lower PCE for
nanofibrous 1-D TiO2 networks compared to 1-D TiO2 nanotube
[15]. In the latter case, a one-dimensional (1D) TiO2 array is
vertically oriented from the substrate allowing for vertical trans-
port of photogenerated charges to the electrical contacts, whereas
in the former case, nanofibrous 1-D TiO2 is horizontally oriented
from the substrate, preventing vertical charge transfer and thus
better charge collection. It is known that the P3HT polymer co-
absorbs light in the 450e650 nm wavelength range and the
charge carriers generated by P3HT are not completely transferred
to either the photoanode or the Au counter electrode [20,70]. The
filtering effect of P3HT has been overcome by introducing PCBM as
an additional electron channeling path in P3HT, allowing the
transfer of charge carriers generated in P3HT to mp-TiO2, as shown
in Fig. 4(c), where the addition of PCBM in P3HT improved the EQE
in the 450e650 nm region [109]. Similarly, Chang et al. [109]
demonstrated a 6.3% efficient solar cell by employing a low
bandgap hole conducting PCPDTBT that can absorb light in the
near-infrared region in a device structure of mTiO2/Sb2S3/
PCPDTBT-PCBM. In contrast, Zimmermann et al. demonstrated
chemical bath deposited flat junction Sb2S3 solar cells with an
efficiencie of 4% by addressing the issue of absorption losses in the
hole transport material and outline a pathway toward more effi-
cient future devices [18].

In an attempt to the tailoring of electronic band dispersion and
improve carrier mobility, alloying of Sb2S3 with Bi has been
demonstrated to be a successful approach as Sb and Bi have similar
atomic orbitals and belong to group V [111,112]. Ito et al. introduced
impurity materials into Sb2S3 to improve absorption and thus light-
harvesting properties and noticed that Bi doping narrowed the
Sb2S3 bandgap from 1.7 to 1.6 eV while Ti and Zn doping resulted in
a slightly narrowed Sb2S3 band gap (Fig. 5(a)) [73]. However, as
shown in Fig. 5(b) and (c), it has been noted the enhancement of
photocurrent for Ti or Zn doped Sb2S3 thin films with CuCSN hole
transport material, whereas Bi-doping resulted in photocurrent
degradation due to aggregated Sb2S3 on the TiO2 electrode [73].
Similarly, Mn-doped Sb2S3 was found to marginally improve the
solar cell performance, which was attributed to improved spectral
response due to the reduced band gap of Mn-doped Sb2S3 as well as
reduced charge carrier recombination due to increased grain size of
Mn-doped Sb2S3 [75].

The common issue in Sb2S3 thin films fabricated by the CBD
method is the poor device performance due to the presence of
surface defects in the Sb2S3, such as sulfur vacancies caused by
sulfur loss during the crystallization process, surface oxides (i.e.
Sb2O3 and sulfates) caused by Sb2S3 oxidation and impurities such
as SbOCl in Sb2S3 [13,113]. The presence of Sb2O3 or sulfur
Sb2S3/P3HT/Au solar cell. Reproduced with permission. [70], 2010, American Chemical
u thin-film solar cell and its energy level positions and charge transfer processes.
egion marked by the blue lines is the EQE difference between the T/S/PeP and T/S/P
ission. [109], 2012, American Chemical Society.



Fig. 5. (a) Absorption spectra of nanocrystalline-TiO2/BaTiO3/MgO/doped Sb2S3 layers. The amounts of dopants are 5 at% for Ti and Zn, and 3 at% for Bi. Reproduced with permission.
[73], 2013, Elsevier. (b) IPCE spectra Reproduced with permission. [73], 2013, Elsevier. (c) Current densityevoltage (JeV) curves for (FTO glass/compact-TiO2 nanocrystalline-TiO2/
BaTiO3/MgO/doped Sb2S3/CuSCN/Au) solar cells. The amount of dopant is 5 at% for Ti and Zn, and 3 at% for Bi. Reproduced with permission [73], 2013, Elsevier.
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deficiency could induce deep traps in Sb2S3, resulting in a lower
power conversion efficiency as these defects act as the charge
recombination centers. In particular, interface traps in Sb2S3 espe-
cially in the chemical bath deposited Sb2S3 which can reduce the
external quantum efficiency by recombination of the separated
carriers [6]. The trap sites were discovered to be located around an
EC of �1.03 eV below the conduction band using the deep-level
transient spectroscopy (DLTS) [114]. Kamat et al. demonstrated
the presence of sulfide radicals in Sb2S3 that traps holes resulting in
slow extraction of holes compared to electrons [13]. Hence, surface
defects such as electron/hole trap sites should be reduced to
improve the solar cell performance of Sb2S3-based solar cells.
Intense efforts have been investigated to mitigate the charge
recombination at the interface between TiO2 and Sb2S3. i.e.
Fukumoto [72] et al., treated the chemical bath deposited Sb2S3
with 1-decyl phosphonic acid (DPA) and noted a reduction in
recombination as well as an increases the open-circuit voltage and
the fill factor. The reduction of charge recombination has been re-
ported due to the blocking of recombination centers in both TiO2
and Sb2S3 by attaching (masking, covering) the DPA to both the
uncovered TiO2 and the Sb2S3 surfaces [72]. On the other hand, Choi
et al. [11] and Ye et al. [77] modified the chemical bath deposited
Sb2S3 by Thioacetamide (TA)-based sulfurization to mitigate the
sulfur vacancies and observed the suppression of the formation of
Sb2O3 and the observed enhanced solar cell performance was
Fig. 6. (a) XRD patterns of FTO glass, FTO/Sb2S3 film and FTO/TA treated Sb2S3 Reproduce
reduction mechanism by ZnS. ZnS coating after air exposure convert the part of oxides as s
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mainly attributed to the reduction of trap sites in Sb2S3. As shown
in Fig. 6(a), before the TA treatment, diffraction peaks at 12.3� and
32� were due to the Sb2O3 phase and after TA treatment, they noted
the transformation of Sb2O3 into a highly polycrystalline pure phase
Sb2S3 structure. As shown in Fig. 6(b) Kang et al. introduced ZrO2
and ZnS double blocking layers in between TiO2/Sb2S3 (BL1) and
Sb2S3/HTM (BL2), respectively and enhanced solar cell performance
was reported [115]. The significant finding of this study was that
Kang et al. were able to distinguish the TiO2/Sb2S3 interface as the
major charge recombination path rather than the Sb2S3/HTM
interface. The function of BL1 was discovered to be blocking major
charge recombination, which results in Voc enhancement, whereas
BL2 causes the re-formation of Sb2S3 from surface oxidized Sb2O5
which affects the Jsc increment. A similar SiO2 blocking layer was
deposited on the TiO2 to suppress charge recombination in the
Sb2S3 solar cell, and Xu et al. reported the formation of irregular
large Sb2S3 crystals on the porous and amorphous SiO2 layer [116].
Although the formation of different sizes of Sb2S3 particles on SiO2
may improve the light-harvesting properties, conformal coating of
SiO2 is required for efficient charge transport. Englman et al.
investigated the non-injected metal oxide-based Al2O3/Sb2S3 cells
to suppress the charge recombination at the TiO2/Sb2S3 interface
[16]. In their study, electron injection into the oxide support was
suppressed by using high-band gap Al2O3 as the supporting oxide,
and thereby photogenerated charges were made to separate at the
d with permission [77], 2018, Elsevier. (b) Schematic diagram illustrates the surface
ulfides [115], 2014, Royal Society of Chemistry.
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Sb2S3 layer reducing the recombination at the TiO2/Sb2S3 surface
and increasing the Voc to 0.71 V which is one of the highest re-
ported values for Sb2S3 solar cell. However, the reported Jsc of the
non-injected metal oxide-based Al2O3/Sb2S3 cell was lower than
that of the TiO2/Sb2S3 cell, which could be attributed to inefficient
charge collection through the Sb2S3 layer.

On the other hand, to reduce trap density in Sb2S3, Godel et al.
employed a modified CBD method in which the formation of Sb2S3
was slowed down by dissolving SbCl3 in acetone and hydrolyzing
with water under vigorous stirring to form Sb4O5Cl2, Sb8(O-
H)6O8Cl2(H2O), Sb8O11Cl2(H2O)6 and Sb3O6(OH) and consequence
addition of aqueous Na2S2O3 to form amorphous Sb2S3 [104]. The
reported crystalline properties of both modified CBD and CBD
methods were found to be stibnite Sb2S3 having an average Sb2S3
crystallite size of 40 nm and 35 nm, respectively and achieved a
5.1% power conversion efficiency.

Despite the known negative effect of Sb2O3 formation during
Sb2S3 synthesis [13,117], it has also been reported the improvement
in solar cell performance due to the formation of Sb2O3 in Sb2S3
thin film annealed under N2 at 300 �C for 30 min and cooled in the
air [21,74,118]. The solar cell performance of the Sb2S3 film cooled
under N2 was 30% of the cell cooled under air. The improvement in
solar cell performance was attributed to the formation of Sb2O3 in
Sb2S3 in which the sample was immediately removed from the
oven and cooled in air, resulting in the formation of Sb2O3 and the
presence of some Sb2O3 was verified by the XRD analysis. The
surface oxide presumably acts as a passivation layer, reducing
electronehole recombination. Further, they reported that the cell
cooled under N2 and then sintered at 200οC for 10 min in air
showed the best performance [118]. Furthermore, a requirement of
a buffer layer such as IneOHeS or a suitable high-band gap semi-
conductor in TiO2-based ETA cells, particularly for relatively low-
bandgap absorbers such as Sb2S3 has been demonstrated in the
same study to stabilize the Sb2S3 properties. A similar charge
recombination reduction between electrons in the Sb2S3 layer and
holes in P3HT due to the formation of a Sb2O3 passivation layer by
the partial oxidation of Sb2S3 during the annealing process, P3HT
has been reported by Zhong et al. [15].

2.2.2. Spin coating
Though CBD is the most commonly used method for fabri-

cating Sb2S3 thin film, it has inherent problems such as the for-
mation of surface oxides (Sb2O3 and sulfates) and surface defects
i.e. sulfur-deficits in Sb2S3 that cause the recombination of
generated charge carriers, resulting in a lower power conversion
efficiency [11]. Attempts have been made to improve the perfor-
mance of hybrid solar cells by spin coating a defect-free Sb2S3 film
[39,54,79]. You et al. reported the thermal decomposition of spin-
coated Sb(thioacetamide: TA)2Cl3 on the bl-TiO2/FTO substrate to
produce oxide-free crystalline stibnite Sb2S3. A high molar ratio of
Sb:S in the precursor Sb(TA)2Cl3 suppresses the formation of
Sb2O3 due to the release of excess H2S during the thermal
decomposition of TA [78].

Despite the absence of Sb2O3 and sulfur vacancies in the spin-
coated Sb2S3 films formed by the spin-coating method, the re-
ported 2.1% device performance of FTO/bl-TiO2/Sb2S3/P3HT/Au was
lower than that of the CBD processed Sb2S3 film, demonstrating not
only surface defects but also other factors are equally important for
better device performance. However, Choi et al. on the other hand,
reported a 6.4% efficient solar cell made by spin-coating an S/Sb
ratio-controlled SbCl3ethiourea complex solution into a meso-
porous TiO2 electrode to form defect-free Sb2S3 [79]. In their study,
the formation of uniform and identical Sb2S3 structure along the
depth of the m-TiO2 layer was confirmed by the grazing incidence
XRD (GIXRD) technique. The advantage of this method is that the S/
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Sb ratio of the final product could be easily controlled and moni-
tored to optimize the device performance, as shown in Fig. 7(a).

Gil et al. investigated the relationship between the morphology
and photovoltaic properties of various Sb2S3 films fabricated by
spin-coating precursor solutions containing SbCl3 and thiourea
onto the bl-TiO2/FTO substrate by varying the concentration and
the chemical composition of the precursor solutions as well as the
spin coating cycle [39]. This study, demonstrated a closely related
morphology variation of the Sb2S3 film to the precursor solution
concentration and the compositional ratio of SbCl3 and TU, and the
morphology could be precisely controlled to obtain the desired
Sb2S3 morphology. Aggregated free Sb2S3 were reported by spin
coating with a low TU compositional ratio, whereas agglomerated
Sb2S3 grains were observed at a high TU ratio due to rapid growth of
Sb2S3 with a high TU ratio (Fig. 7(b)). Hence, the poor photovoltaic
performance of Sb2S3 films fabricatedwith a higher TU composition
ratio has been attributed to poor conductivity between the Sb2S3
grains. Later, Zhang et al. and Jin et al. detailed the material selec-
tion for the development of full inorganic solar cells based on Sb2S3,
reporting 4.8 and 3.51% efficient solar cells for Sb2S3/V2O5 and
Sb2S3/NiO planer heterojunction solar cells respectively [23,120].
Their study was focused primarily on V2O5 and NiO as an HTM and
the structural properties of Sb2S3 crystals have not been fully
described.

Instead of a single step, Zhang et al. employed sequential
deposition in which the antimony acetate (Sb(Ac)3) layer was spin-
coated on the TiO-bl first, followed by thiourea solution and mild
temperature annealing for the rapid deposition of high-quality
Sb2S3 thin films without Sb2O3 formation [81]. The advantage of
this method is no additional sulfurization of Sb2S3 film is required
as the formation of Sb2O3 is greatly reduced due to the in-situ
growth of Sb2S3 in a sulfur-rich environment, resulting in an opti-
mized PCE of 5.69%. However, precise control of TU concentration is
imperative as it would result in the formation of Sb2S3 films with
sulfur vacancy leading to deep trap states at the low TU concen-
trations or Sb2S3 films with large pinholes in the Sb2S3 film at
higher TU concentrations.

One of the most encountered problems in CBD-fabricated Sb2S3
films is a low fill factor caused by the formation of small Sb2S3
grains, resulting in a higher number of grain boundaries. To
investigate the lateral grain size dependence photovoltaic proper-
ties, especially the fill factor, Wang et al. Fabricated large Sb2S3
grain by a fast chemical approach in which the precursor Sb2O3 as
Sb source in carbon disulfide (CS2) and the n-butylamine mixed
solution was spin-coated on the substrate [54]. By the variation of
annealing temperature of the Sb2S3 films, the initially rough surface
with many pinholes produced at low annealing temperature was
switched to a smooth Sb2S3 surface with a very large lateral grain
size up to 12 mm [54]. The reported 4.3% efficiency and 52.4% FF for
fast growth Sb2S3 spin-coated films and 2.0% efficiency and 32.0%
FF for CBD Sb2S3 films have been attributed to reduced grain
boundaries, which result in improved fill factor of the solar cells
and a higher PCE [54].

Although the large grain size is advantageous for charge trans-
port across the film [54], it is not a desirable property for thin
layered planar heterojunction solar cells due to the possibility of
direct contact between the TiO2 layer and back contact [53,85].
Similarly, rapidly grown Sb2S3 crystals were reported by Zheng
et al. by spin-coating an antimony salt precursor in alcoholic so-
lution onto an m-TiO2 film and consequently transforming it to
Sb2S3 by exposing it to H2S and obtained homogeneously deposited
pure Sb2S3 within the porous TiO2 film [80]. The highest reported
6.2% power conversion efficiency in this study was found to be
primarily related to the device's improved light-harvesting ability
due to increased loading. On the other hand, Sung et al. optimized



Fig. 7. (a) Normalized amount of S element in chemical bath deposited Sb2S3, Reproduced with permission [119], 2015, Wiley-VCH (b) values of VOC, FF, JSC, and PCE as a function of
the SbCl3:TU ratio. Reproduced with permission [119], Wiley-VCH.
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the planar Sb2S3 solar cells through systematic engineering of the
interface between TiO2 and the Sb2S3 layer using a spin coating of
the Sb2S3 layer [53]. In their study, the critical role of the interface
between m-TiO2 and Sb2S3 in the device performance was
demonstrated by fabricating planar Sb2S3 solar cells with different
interfacial structures by manipulating the nanostructures of the
TiO2 photoelectrode and the Sb2S3 absorber layer. In their investi-
gation, they demonstrated why the device performance of spin-
coated Sb2S3 film is superior to CBD Sb2S3 in planar Sb2S3 solar
cells, as well as why rough TiO2-bl is preferred over flat TiO2-bl in
spin-coated Sb2S3. The CBD-formed Sb2S3 thin film, as shown in
Fig. 8(a), is composed of agglomerated Sb2S3 grains, whereas the
spin-coated Sb2S3 film is composed of smooth and dense Sb2S3
grains. Importantly, Sung et al. [53] demonstrated the importance
of intimate contact between the TiO2 photoelectrode and the Sb2S3
absorber layer, as well as continuous connectivity of the absorber
layer, for Sb2S3 planer cell device performance.

Contrary to the known negative effect of sulfur vacancies in
Sb2S3, which acts as charge recombination centers, Tang et al. re-
ported the enhancement of solar cell performance by introducing
ZnCl2 in the precursor materials to generate sulfur vacancies
leading to an increase in the electron concentration and consequent
decrease in the series resistance in Sb2S3 [58]. Also, the enhanced
PCE was attributed to the elevated Fermi energy level as a result of
the increased carrier concentrations in Zn doped Sb2S3, which
would facilitate the charge transport from Sb2S3 to TiO2 compared
Fig. 8. (a) SEM images and schematic diagrams of CBD and spin-coated Sb2S3 absorbers on
Energy level diagram of the device with Sb2S3 and Zn-doped Sb2S3 as light absorption mat
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to that of pristine Sb2S3 (Fig. 8(b)). Hence, the sulfur vacancies in
Sb2S3 could have dual functions; as a carrier recombination center,
lowering solar cell performance, and as an increase in electron
concentration, increasing solar cell performance, opening up new
avenues for optimizing device performance by carefully manipu-
lating the intrinsic defects in Sb2S3. Although the enhanced solar
cell performance of Zn-doped Sb2S3 was solely attributed to the
increase in electron concentration, the reduction of recombination
sites in Sb2S3 i. e Vsb defects sites by Zn doping also has to be
considered.

To address the poor quality and high trap states of Sb2S3 films,
which limit the device performance of Sb2S3 films formed by spin
coating, additives have been introduced to the Sb-precursor source,
which could coordinate with Sb atoms via multidentate anchoring
and annihilate the trap states. By adding additive 4-Chloro-3-
nitrobenzenesulfonyl chloride (CSCl), which contains two termi-
nal Cl with lone pair of electrons that can interact with Sb atoms,
low-resistivity Sb2S3 film with enhanced crystallization (Fig. 9(a)
and (b)) and low trap states was reported by Zhou et al. [121] The
CSCl additive raises the Fermi level of the Sb2S3 film, which im-
proves electron transport from Sb2S3 to TiO2(Fig. 9(c)). As a result,
the optimal PCE of Sb2S3 solar cells is increased from 4.20 to 5.84%.
Similarly, Han et al. demonstrated that using a multidentate ionic
liquid, tetramethylammonium hexafluorophosphate ([TMA][PF6]),
which contains six different oriented fluorine atoms with lone pair
of electrons, can reduce the crystallization rate and significantly
a flat TiO2 blocking layer. Reproduced with permission [53], 2017, Science Direct. (b)
erials. Reproduced with permission [58], 2018, American Chemical Society.



Fig. 9. Top-view surface micrographs of (a) the control Sb2S3 and (b) CSCleSb2S3 films. Reproduced with permission [121], 2021, Elsevier. (c) Energy band diagram of TiO2/Sb2S3/
Spiro-OMeTAD. Reproduced with permission [121], 2021, Elsevier. (d) The schematic about the crystallization process of the control Sb2S3 and (e) The schematic about the
crystallization process of optimized Sb2S3. Yellow, brown, purple and gray spheres represent S, Sb, P and F, respectively. Reproduced with permission [122], 2021, Elsevier.
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increase the grain size of Sb2S3 by coordinating with Sb atoms due
to increasing in the critical Gibbs free energy of nucleation as
shown in Fig. 9(d) and (e) [122]. As a result of improved crystalline
quality and trap states, Han et al. achieved a PCE of 6.63% with an
optimum of 10% [TMA] [PF6], due to improved crystalline quality
and low-trap states, lowering resistivity and raising the Fermi level
of the Sb2S3, allowing for effective charge transfer.

Similarly, doping K, Rb and Cs in Sb2S3 was also found to
improve solar cell performance, owing to an increase in charge
concentration, crystalline size, crystallinity, and high-film quality
(Fig.10(a)), whereas Li and Na doping degrades device performance
due to pinholes and cracks in the Sb2S3 film [82]. Similar to Zn
doping in Sb2S3, alkali metals form a chemical bond between alkali
metals and sulfur at the grain boundaries of Sb2S3, raising the Fermi
energy level and resulting in a PCE of 6.56% for Cs-doped Sb2S3 [82].

It is well known that 1-D nanostructures can improve charge
collection efficiency. As a result, variations in the charge collection
efficiency of Sb2S3 on different 1-D nanostructures have been
observed by spin coating SbCl3:TU solutions on different 1-D TiO2

nanostructures [83,124]. As shown in Fig. 10(b), Tan et al. demon-
strated that using a vacuum-assisted solution processing approach
leading to the formation of homogeneous and aggregated less Sb2S3
performance from 4.15 to 6.78%. The formation of highly crystalline,
high surface coverage and phase purity Sb2S3 film has been re-
ported by careful modification of pre-annealing of Sb2S3 films
formed by spin coating of SbeTU complex on top of a 1-D TiO2
nanorod array [83]. The removal of organic solvent by the pre-
heating process was found to be the reason to yield better opto-
electronic properties of the devices. As a result, the photocurrent, as
well as fill factor of the device, are enhanced resulting in the
enhancement of overall solar cell performance [83]. By similar pre-
10
annealing conditions, later, Kaienburg et al. reported the reduction
of pinholes in Sb2S3 films formed by spin coating of Sb-TU precursor
solution using similar pre-annealing conditions. In addition,
instead of Sb-TU, they used an antimony-butyldithiocarbamate (Sb-
BDC) complex precursor to create a pinhole-free Sb2S3 layer with
large grain size (Fig. 10(c)) [123].

In another study, Chen et al. investigated in situ-grown
monolayer of large [221]-oriented Sb2S3 cuboids on a poly-
crystalline TiO2 nanoparticle film to enhance the charge transport
channels inside the Sb2S3 layer [125]. The critical factors for the
preferentially-oriented growth of Sb2S3 cuboids have been
detailed in their study in which both the TiO2 surface and Sb
precursor control the growth and the orientation of Sb2S3 crystals.
It has been noted the growth of irregular and larger Sb2S3 grains
with no preferential orientation in the absence of Sb2S3 crystalline
seeds while with Sb2S3 crystalline seeds on the TiO2 film surface
the Sb2S3 cuboids are growths along the [001], [010], and [100]
directions with the (001) and (100)/(010) planes tilting the average
angles of ca. 44� and 61� on the substrate, respectively as shown
schematically in Fig. 11(a) and SEM image in Fig. 11(b). The re-
ported solar cell efficiencies of Sb2S3/TiO2-bulk/nanoplanar heter-
ojunction (BnPHJ) solar cells for oriented and non-oriented growth
Sb2S3 films were 5.15% and 3.62%, respectively and were mainly
attributed to the observed shorter electron collection time for the
oriented growth Sb2S3 film. Tamilselvan et al. demonstrated the
importance of forming ribbon-like horizontally stacked Sb2S3 with
planes either with hkl: l ¼ 0 or l s 0 for optimum light harvesting
as well as charge collection [85]. The higher PCE observed for Sb2S3
films fabricated using a metal�organic precursor (metal-
�butyldithiocarbamate) at higher temperature was attributed to
the formation of hkl: l s 0 Sb2S3 structures which was evidenced



Fig. 10. (a) SEM images of (i) pristine Sb2S3, (ii) Li-doped Sb2S3 film, (iii) Na-doped Sb2S3 film, (iv) K-doped Sb2S3 film, (v) Rb-doped Sb2S3 film, and (vi) Cs-doped Sb2S3 film.
Reproduced with permission [82], 2018, Wiley-VCH. (b) SEM images of the surface morphologies of (i, ii) conventional process (CP)eSb2S3 with pre-annealing at 125 and 150 �C, (iii,
iv) vacuum-assisted solution process (VASP)-Sb2S3 films with pre-annealing at 125 and 150 �C [83], 2018, Royal Society of Chemistry. (c) SEM images of Sb2S3 thin films after
crystallization at 265 �C: (i) An intermediate slow annealing step at 100 �C for 60 min reduces the pinhole area, (ii) The Sb-BDC based process leads to a compact layer with large
grains and without pinholes. Reproduced under terms of the CC-BY license, [123].
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by the Sb2S3 XRD pattern (Fig. 11(c)) where it was observed higher
intensity for (hk0) planes (020), (120), (130) in comparison to (hkl)
planes (211), (221). The same authors later developed a PTB7/
Sb2S3/TiO2-nanoarray p-i-n heterojunction (NHJ) device to
improve light absorption and charge transport properties,
employing a seed-assisted repetition of spin-coating and anneal-
ing (RSCA) strategy to produce preferentially Sb2S3 single-
crystalline nanorods [211] -oriented and vertically aligned on
polycrystalline TiO2 nanoparticle film. Covalently bound (Sb4S6)n
ribbons in [211]-oriented single-crystalline Sb2S3 nanorods in the
p-i-nNHJ device provide effective charge transport channels for
the photogenerated charge carriers inside the Sb2S3 layer to effi-
ciently reach the collection electrode and no negative Eph effects
resulting in a long electron lifetime on the sub-second scale
(te1z0.9 s) due to the absence of photogenerated hole accumu-
lation on around Sb2S3 nanorods, making the PTB7/Sb2S3/TiO2 NHJ
have a good application potential to efficient solar cells [126].

The dependence and control of the quality of Sb2S3 films have
been reported by optimization of different Sb2S3 preparation con-
ditions as well as comparison of different precursor solutions such
as SbCl3 and TU or antimony oxide (Sb2O3) and butyldithiocarbamic
11
acid BDCA [123]. Phase purity crystalline Sb2S3 film with high
surface coverage has been reported by changing several key
experimental factors (i.e. precursor concentration, an optimized
ratio of the component in precursor solution, crystallization tem-
perature, annealing procedure, annealing environment, the thick-
ness of a hole-blocking layer, etc) during Sb2S3 deposition. On the
other hand, enhanced PCE was reported for C60 incorporated Sb2S3
thin films and the enhanced efficiency was mainly attributed to the
enhanced conductivity of C60eSb2S3 thin films than that of pure
Sb2S3 films [84].

Several research groups reported improved PCE of Sb2S3-based
solar cells by reducing defects in Sb2S3 fabricated by the spin
coating followed by post-treatment of Sb2S3 films. Han et al. re-
ported the post-treatment of Sb2S3 films with an inorganic SbCl3
salt, which passivates the Sb2S3 via the interactions of Sb and Cl in
SbCl3 molecules with S and Sb in Sb2S3, respectively resulting in
suppression of nonradiative recombination in Sb2S3 film [52]. The
reported valence band maximum of SbCl3 and Sb2S3 were �5.22
and �6.85 eV respectively, allowing photogenerated holes to be
transferred into Spiro-OMeTAD through the thin SbCl3 layer while
preventing charge recombination and thus improving charge



Fig. 11. (a) Schematic illustration of the OCE nucleation/growth model for the growth of Sb2S3 single-crystalline cuboids on polycrystalline TiO2 nanoparticle film, where the most
competitive TiO2 nanoparticle orientation for the Sb2S3 single-crystals to nucleate/grow features its (101) plane tilting an angle (a) on substrate plane close to a ¼ 33� (Particle 2),
but the nucleation/growth at other sites around (e.g., particle 1 of a ¼ 0� and Particle 3 of a ¼ 62�) is relatively much slower or suppressed due to their unfavorable TiO2 (101) plane
orientations. Reproduced under terms of the CC-BY license [125], (b) (i) magnified Bird-view image of Sb2S3/TiO2-bulk/nano planar heterojunction and (ii) cross-sectional SEM
images of as-prepared Sb2S3/TiO2-bulk/nano planar heterojunction on FTO substrate. Reproduced under terms of the CC-BY license [125], (c) (i) Temperature-dependent powder
XRD patterns of Sb2S3. (ii) Texture coefficient (TC) of selected diffraction peaks in Sb2S3 thin film at different temperatures. (iii) Schematic presentation of horizontal packing of
[Sb4S6]n ribbon structure on the CdS/FTO substrate while viewing along the c-axis. Rectangle strips represent the planes [green: (020), red: (120), blue: (130)]. Reproduced with
permission [85], 2019, American Chemical Society.

Fig. 12. (a) (i) Energy band diagram of the various layers in the passivation device and the charge transfer at the interface of Sb2S3/Spiro-OMeTAD, (ii) Schematic diagram of charge
transfer in the control device and (iii) the SbCl3-treated Sb2S3 device. Reproduced with permission [52], 2020, American Chemical Society (b) (i) dI/dV spectrum of pristine Sb2S3
thin films and (ii) band edges of vacancy-tailored Sb2S3 thin films. The inset of panel a shows the histogram of the band edges. Reproduced with permission [86], 2020, American
Chemical Society.
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collection efficiency as shown in Fig. 12(a)(i, ii, iii). Furthermore, the
observed 7.1% efficiency which was the highest for Sb2S3-based
solar cells primarily attributed to sulfur-vacancy (trap state)
passivation at grain boundaries or interfaces of Sb2S3 [52]. The
function of the surface modifier was found to be preventing direct
contact between TiO2 and spiro-OMeTAD by further absorbing the
surface modifier on the bare TiO2 surface that was not covered by
the Sb2S3 particles. On the other hand, a modified two-step
sequential deposition method was reported by Maiti et al., For
the passivation of sulfur vacancies by maintaining a slightly higher
sulfur-rich condition S/Sb ratio during Sb2S3 film formation [86]. By
scanning tunneling spectroscopy (STS) measurements, a blue shift
of conduction band (CB)-edge away from the Fermi energy and
widen of the transport gap of Sb2S3 was reported until the relative
sulfur content in the semiconductor reached a stoichiometrically-
balanced condition (S/Sb ¼ 1.0) and with a further increase in
sulfur-content (S/Sb¼ 1.2 and 1.4), the band gap of Sb2S3 was found
to decrease (Fig. 12(b)(i and ii)) while surface roughness increase
with the increase of S/Sb ratio. The observed highest 3.1% PCE
observed at a S/Sb ratio of 1:2 was mainly a result of an optimiza-
tion of the optical bandgap and surface morphology.

2.2.3. Other chemical methods
As previously stated, the vast majority of Sb2S3 thin films have

been produced using common chemical deposition methods such
as CBD and spin coating methods, with only a few reports on spray
pyrolysis, SILAR, solvothermal, hydrothermal, electrodeposition,
solegel, and dip coating methods. These methods will be discussed
briefly in the sections that follow.

2.2.3.1. Spray pyrolysis. The chemical spray pyrolysis (CSP) process
is a more adaptable process that allows for easy modification of
material properties such as stoichiometric ratio, phase composi-
tion, particle size, specific surface area, etc. In 1991, Bhosale et al.
reported the deposition of Sb2S3 thin films on FTO glass by spray
pyrolyzing antimony trichloride and thioacetamidewith oxalic acid
or acetic acid as the complexing agent [127]. The formation of
polycrystalline and n-type amorphous Sb2S3 with both oxalic and
acetic acids has been reported, while the bandgap increased from
1.5 to 1.8 eV when the complexing agent was changed from oxalic
to acetic acid. Rajpure et al. investigated the effects of the precursor
and complexing agent concentration on Sb2S3 properties [128]. It
was demonstrated that the optimization of crystalline properties of
Sb2S3 by using different Sb:S volume ratios in the solution 1:9, 2:8,
3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1, in which the highest crystallinity
and grain size were noted for 4:6 Sb:S ratio due to agglomeration of
particles. The same research group reported that changing the
precursor solvent from aqueous to non-aqueous solvents changed
the conductivity from n-Sb2S3 to p-Sb2S3 as well as amorphous to
polycrystalline, indicating that the solvent properties can be used
to effectively control and obtain the desired Sb2S3 properties for the
desired application [128].

The single-phase stoichiometric Sb2S3 is an essential require-
ment for the application of Sb2S3 in solar cells and the growth of
single-phase stoichiometric Sb2S3 crystals, K€arber et al. employed
ultrasonic chemical spray pyrolysis (ultrasonic CSP) process [33].
The advantage of the ultrasonic CSP process to produce sub-
micrometer size single-phase crystalline Sb2S3 particulates
without antimony hydroxide formation and post-deposition heat
treatment was demonstrated by Karber et al. Despite the fact that
the ultrasonic CSP process yielded defect-free Sb2S3 nanoparticles,
the reported 1.9% conversion efficiency for glass-ITO-TiO2-
Sb2S3eP3HT-Au is not comparable to other reported similar device
structures, which may arouse as a result of incomplete coverage of
TiO2 surface by light-harvesting Sb2S3 due to the rapid growth of
13
Sb2S3 crystal [129]. To form a continuous and uniform transparent
Sb2S3 layer on TiO2 (Fig. 13(a)), later they employed a two-step
sequence, whereby amorphous Sb2S3 layers were first deposited
by USP and then crystallized by thermal annealing [91,129]. A re-
ported PCE of 5.5% at AM1.5G for a 1.7 mm2 semitransparent ITO/
TiO2/Sb2S3/P3HT/Au cell, and only 3.2% decrease in the scale-up
from mm2 to cm2 while retaining the 70% efficiency after one
year of non-encapsulated storage ensure their potential for appli-
cation in semitransparent solar windows.

Hector et al. used an ITO/ZnO/TiO2/Sb2S3/P3HT/Au coreeshell
NW heterostructure device structure with ZnO (NW)/TiO2 (passiv-
ation layer) and a thin-film of Sb2S3 grown by the CSP process to
mitigate the charge carrier losses and passivation. The Sb2S3 film
grown on the ZnO(NW)/TiO2 (passivation layer) is highly pure and
free of unwanted Sb2O3 phases, and crystallinity is reported to be
highly dependent on Sb2S3 film thickness, with amorphous Sb2S3
films formed at a few nanometers and crystalline films formed at
several tens of nanometers. However, the highest reported efficiency
with the intermediate optimum thickness of the Sb2S3 shell was
2.83%, which was limited by the balance of crystallinity and defect
density [130]. According to Fig. 13(b), a VolmereWeber growth
mechanism path has been proposed for the growth of transparent
Sb2S3 film during ultrasonic CSP. At an optimized deposition tem-
perature, the molar ratio of precursors SbCl3 and thiourea, and the
post-deposition treatment temperature, a uniform pinhole-free
polycrystalline orthorhombic Sb2S3 thin-film with lateral grain size
~10 mm have been reported by crystallization of amorphous Sb2S3
layers in vacuum at 170 �C for 5 min.

2.2.3.2. SILAR. The SILAR (Sequential ionic layer adsorption and
reaction) method is similar to the CBD process in that the substrate
is immersed in separate cation and anion precursor solutions, with
each immersion followed by rinsing with a suitable solvent [131]. It
has been used successfully to deposit q-dots of sulfide compounds
and is also regarded as one of the most effective methods of pre-
cisely controlling the deposition of QDs.

The application of the SILAR technique to fabricate Sb2S3-based
solar cells was successfully demonstrated by Huerta-Flores et al., in
which an ~80 nm extremely thin layer of In2S3eSb2S3 was depos-
ited on the mesoporous TiO2 by SILAR and a PCE of 4.9% was re-
ported for the device structure ITO/TiO2/In2S3eSb2S3/CuSCN/Au
[92]. To precise control of M2S3 deposition, Yoo et al. employed a
two-step template method in which either CdS or ZnS layer was
first deposited onto TiO2 layer and by dipping CdS-coated TiO2 film
into an M source solution for several minutes to convert CdS or ZnS
into M2S3 by a cation-exchange process [132]. As shown in
Fig. 14(a), the reported rapid color change from yellow color to the
different one of the targets QDs was attributed to the exchange of
Cd with the target QDs. By HRTEM analysis, the authors demon-
strated the formation of discrete Sb2S3 nanoparticles on the TiO2
surface and a 3.69% PCE has been reported for an optimized Sb2S3-
sensitized solar cell fabricated by the cation exchange method.
However, the reported low PCE performance could be due to the
non-conformal coating of Sb2S3 on TiO2 resulting in lower loading
of the light-harvesting Sb2S3, and to improve the PCE of template
deposited Sb2S3, the Sb2S3 loading amount has to be enhanced.

To address the Sb2S3 loading amount and enhance the charge
carrier transport, Zhang et al. fabricated a hybrid inorganic-organic
heterojunction solar cells using Sb2S3 as a light-absorbing semi-
conductor, TiO2 nanorods(NRs), P3HT as both a hole conductor and
light absorber [133]. The reported PCEs of short and long TiO2 NRs
were 1.84 and 0.28% respectively and the dependence of PCE on the
length of TiO2 NRs has been mainly attributed to hindered charge
carrier transport due to the coaxial structure of Sb2S3 on the TiO2
NR (Fig. 14(b)). However, as previously stated, the reported low



Fig. 13. (a) Surface views, by scanning electron microscopy (SEM) of (i) 70 nm and (ii) 100 nm thick annealed Sb2S3 layers on a glass/ITO/TiO2 substrate. (iii) Photograph of a
5 � 5 cm semitransparent (AVT 26%) stack of glass/ITO/TiO2/100 nm annealed Sb2S3. Reproduced under terms of the CC-BY license [91], (b) Proposed growth mechanism paths of
Sb2S3 by VolmereWeber growth during ultrasonic spraying of methanolic solution of SbCl3eSC(NH2)2 in excess of sulfur precursor in an aerosol. Reproduced under terms of the CC-
BY license, [129].

Fig. 14. (a) Absorption spectra of SILAR-deposited CdS QD and its converted ones (Bi2S3, Ag2S, CuS, and PbS) by a cation exchange process over mesoporous TiO2 film/FTO electrode
and a picture of as-obtained electrodes (inset) [132]. (b) Schematic device structure with (i) long TiO2 NRs and (ii) short TiO2 NRs of the improved photovoltaic performance [133],
2017, Springer (c)(i) EDS-STEM elemental mapping superimposing the zinc, titanium, and antimony element signals. (ii) HRTEM image of ZnO/TiO2/Sb2S3 core shell NW hetero-
structures annealed at 300 �C for 5 min under flowing nitrogen atmosphere with a special focus on a small cluster in the Sb2S3 absorbing shell. Reproduced with permission [134],
2017, American chemical society.
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efficiencies for Sb2S3 solar cells fabricated using the SILAR process
and 1-D TiO2 as an electron transport medium could be primarily
due to the incomplete coating. Though the SILAR process is ex-
pected to form a conformal coating of Sb2S3 on TiO2 NR, the for-
mation of Sb2S3 clusters or agglomerates on top of TiO2 surfaces
due to preferential nucleation of Sb2S3 on the TiO2 surface has been
reported [131]. However, post-deposition annealing at 250 �C,
caused noticeable smoothing and changes in themorphology of the
crystalline quality of the Sb2S3 as revealed in Fig. 14(c) and conse-
quently an increase in the PCE has been reported for Sb2S3 solar
cells fabricated with SILAR process using 1-D TiO2 due to annealing
effect [25,134].

2.2.3.3. Solvothermal and hydrothermal. In the solvothermal and
hydrothermal synthesis of Sb2S3, antimony and sulfide precursors
are dissolved in a suitable solvent followed by thermal treatment to
form Sb2S3. Aqueous and non-aqueous solvents are used in hydro-
thermal and solvothermal processes, respectively [135]. These
methods are very simple and inexpensive, and the structural prop-
erties and morphology can be tuned for structural and morpho-
logical optimization by varying the experimental parameters.

Based on the solvothermal route, Kavinchan et al. [136] reported
the synthesis of 1-D shuttle-like Sb2S3 nanorod-bundles under
alkaline conditions (Fig. 15(a)), whereas Sb2S3 microbars or
different 1-D Sb2S3 have been reported by several other research
groups [135,137]. As shown in Fig. 15(b), Senthil et al. [135]
demonstrated control of the size of the 1-D Sb2S3 structure as well
as the morphology of the constituent nano-units, in the form of
nanorods, dumbbell and sphere by adjusting the temperature and
the concentrations of precursor solutions. The amorphous Sb2S3
formed at room temperature was observed to grow into irregular
nanorods of varying lengths and diameters and then to regular
nanorods as a result of solvothermal ripening, which follows an
oriented attachment growth mechanism and 1-D growth of Sb2S3
was primarily caused by preferential growth of the Sb2S3 crystals
Fig. 15. (a) SEM images of Sb2S3 synthesized in ethylene glycol (EG) at (i)e(iii) 120 �C, 140
[136], (b) SEM image of Sb2S3 nanocrystals synthesized by solvothermal method at (i) 35 �C
(JeV) characteristics of Sb2S3 solar cell devices fabricated using different concentrations of Sb
of SbCl3 salt of (i) 0.75, (ii) 0.8, (iii) 0.85 and (iv) 0.9 mmol. Reproduced under terms of OS
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along a specific direction owing to the inherently anisotropic and
layer-like structure of the Sb2S3 crystal.

Several research groups tested Sb2S3 thin films fabricated by the
solvothermal process for solar cell applications. The reported 1.48%
efficiency by Abulikemu et al. [137], for solar cells fabricated with
Sb2S3 NP synthesized by solvothermal method and Spiro-OMe-TAD
as a hole transport layer, is lower than that of similar Sb2S3 fabri-
cated by CBD or spin-coated methods. Similarly, Mkawi et al. re-
ported 3.4% efficiency for Mo/Sb2S3/CdS/ITO/Ag solar cell structure
with an open circuit voltage of 451mV, short circuit current density
of 12.47 mA/cm2 and, a fill factor of 0.61 [93]. As shown in Fig. 15(c),
Mkawi et al. demonstrated the increase in the PEC with the varia-
tion of SbCl3 precursor concentration from 0.75, 0.8, 0.85, and
0.9 mmol, and the observed PCE variation was attributed mainly to
an increase in the nucleation and grain size of the Sb2S3 film at
higher SbCl3 concentrations (Fig. 15(d)(i)-(iv)). The increase in the
grain size was proposed to be caused by Sb crystal lattice defor-
mation, which was attributed to reacting with S atoms during the
sulfurization process.

The hydrothermal method, on the other hand, is similar to the
solvothermal method, but hydrothermal processes are typically
performed under high pressure and at high temperatures to
improve Sb2S3 properties and to obtain high-quality Sb2S3 nano-
particles. The synthesis of various Sb2S3 nanostructures with
different physical and electrical properties, such as 1-D nanobelt,
ribbons, nanowires, nanorods, and nanoneedles has been reported
[138e140]. Similarly, Ota et al. reported the synthesis of Sb2S3
nanorods using a surfactant-assisted hydrothermal method in
which flowerlike morphologies are initially formed due to a het-
erogeneous nucleation-growth mechanism and these morphol-
ogies are then transformed into nanorods via crystal splitting as
shown in Fig. 16(a)-(b) [138].

The growth of Sb2S3 nanorods by a relatively low-temperature
hydrothermal process has been reported by Pal et al. and by us-
ing PVP as a capping agent, the shape of Sb2S3 was able to modify
�C, and 160 �C for 60 min, respectively. Reproduced under terms of the CC-BY license
(ii) 70 �C (iii) 100 �C (iv) 150 �C. Reproduced with permission [135], 2014, Elsevier. (c)
Cl3 salt. (d) FE-SEM images of Sb2S3 thin films fabricated using different concentrations
A Open Access Publishing [93].



Fig. 16. (a) SEM image of the product obtained after (i) 24 h, (ii) 12 h, (iii) 18 h of reaction duration showing nanorod, flowerlike, and straw tide like morphology respectively.
Reproduced with permission [138], 2008, American chemical society. (b) Schematic diagram, depicting possible morphology evolution of Sb2S3 from flowerlike morphology to
nanorod through a straw tide like structure. Reproduced with permission [138], 2008, American chemical society. (c) SEM images of (i) as-grown Sb2S3 film and Sb2S3 films
annealed at (ii) 250 �C, (iii) 350 �C and (iv) 450 �C; the inset is the cross-section SEM image of Sb2S3 film annealed at 450 �C. Reproduced with permission [140], 2016, Elsevier (d)
Schematic diagram of the preparation procedures of Sb2S3 films. Reproduced with permission [140], 2016, Elsevier.
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from nanorods into dumbbell shape structures having different
particle sizes and optical properties [139]. As shown in Fig. 16(c)-
(d), Liu et al. demonstrated the in-situ deposition of Sb2S3 films on
the ITO substrate by a hydrothermal process and post-annealing
process without the use of complexing agents and the increase in
grain sizewith the increase in the annealing temperature [140]. The
Sb2S3 films were reported to have a relatively ideal S/Sb atomic
ratio, and Sb2S3 film annealed at 450 �C exhibited improved optical
and electrical performances, with a narrow bandgap of 1.63 eV and
low electrical resistivity, indicating that this method will be a
promising way to fabricate high-quality Sb2S3 films for use as
absorber layer materials in solar cells. However, the Sb2S3 formed
by the hydrothermal process was usually impure, and it was
necessary to minimize the incorporation of impurities during the
formation Sb2S3. As shown in Fig. 17(a) and (b), Lei et al. demon-
strated the fabrication of thin Sb2S3 films by the conversion of Sb
metal nanoparticles into Sb2S3 films on the conducting substrate
after reacting with S powder. By in-situ conversion of Sb metal into
Sb2S3 films on the conductive substrate, it was able to improve the
adhesive properties of Sb2S3 films onto the substrate and suc-
cessfully overcome peel off problem generally encountered in the
hydrothermally fabricated process.

As reported by several research groups, the solar cell efficiency
of Sb2S3 films fabricated by the hydrothermal method is not com-
parable with those similar to other Sb2S3 thin film preparation
methods, which could be mainly due to the formation of unwanted
secondary phases when the hydrothermal reaction is carried at
mild conditions. To avoid the formation of secondary phases,
Mkawi used a hydrothermal reaction of a solution containing SbCl3
and Na2S2O3 at elevated temperatures, i.e. 200e230 �C, to obtain
good quality phase-pure Sb2S3 nanobars and reported the increase
in PCE as the hydrothermal temperature increased [88]. Mkawi
et al. also demonstrated an increase in grain size from 1 mm to 2 mm
as the hydrothermal temperature increased from 200 �C to 230 �C
and the Sb2S3 films formed at high hydrothermal temperatures are
dense and without holes or which contributes to the observed
higher efficiency, as fewer boundaries enhance the rapid electron
conduction and collection.

The main disadvantage of the hydrothermal Sb2S3 growth
method is that the crystal orientation cannot be precisely controlled
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owing to random ion adsorption at the solideliquid interface. To
address this issue, Jin et al. used a “structure-directing” method in
which a CdS layer, which acts as nucleation site for the growth of
Sb2S3, was prior deposited on the TiO2 compact layer, followed by
the hydrothermal deposition of Sb2S3 thin film (Fig. 17(c)) [89]. As
CdS acts as a nucleation site for the subsequent growth of Sb2S3,
growth of Sb2S3 with the preferential orientation of [hk1] has been
reported, and an efficiency of 6.4% was observed due to fewer
number of grain boundaries and good interfacial contacts with ETL
greatly facilitating charge transport and reducing recombination in
the device. Instead of CdS seeds, Cd-free Sb2S3 planar solar cells have
been reported by using In2S3, Sb2S3 seed layer, carbon interlayer,
metal oxide bilayer, and ZnS layer to improve the quality and
adherence of the hydrothermally Sb2S3 film [141].

Despite the fact that various Sb2S3 structures with different
morphologies have been reported in a simple process, the use of
different Sb2S3 structures fabricated via solvothermal and hydro-
thermal processes for application in solar cells has not been
adequately investigated. On the other hand, it is known that the
synthesis of the nanocrystals via solvothermal and hydrothermal
processes may lead to form the nanocrystals having defects, espe-
cially Sb2S3 compounds formed via solvothermal or hydrothermal
processes may not be suitable for the application in PVC [139].
Hence more research should be done in order to produce defects-
free Sb2S3 film by solvothermal or hydrothermal processes. Thin
Sb2S3 films have also been successfully fabricated using electro-
chemical, solegel, hot injection, and dip coating methods
[36,133,137]. Abulikemu reported the formation of urchin-like
nanostructure composed of nanorods (NRs) by hot-injection
colloidal synthesis of Sb2S3 and noted that the diameter of the
NRs increased with increasing injection temperature and growth
time [137]. By a systematic investigation of the effect of precursors,
temperature, and growth time on the formation of Sb2S3 NCs, a
1.48% efficiency has been reported for a solar cell fabricated dip
coating of Sb2S3 NC and spiro-OMe-TAD as a hole conductor.

2.2.4. Advanced chemical methods
In terms of precise controllability of the Sb2S3 properties, the

common chemical deposition methods described thus far may
incapable of ensuring purity, homogeneous surface, required



Fig. 17. (a) The schematic of fabricating Sb2S3 films. . Reproduced with permission [29], 2018, Elsevier. (b) Surface morphologies of (i) pure FTO, (ii) FTO/Sb, (iii) as-prepared FTO/
Sb2S3 and (iv) annealed FTO/Sb2S3. Reproduced with permission [29], 2018, Elsevier. (c) (i)-(iii) Schematic diagram of distinct grain boundaries in (i) Pn-Sb2S3 and (iii) CdeSb2S3 thin
films, Reproduced with permission [89], 2020, wiley-VCH.
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thickness, and electrical properties. In general, the low power
conversion efficiency and large open-circuit voltage loss have been
usually ascribed to interface and bulk extrinsic defects of Sb2S3.
Advanced chemical methods, on the other hand, such as chemical
vapor deposition (CVD) with low pressure (LPCVD), plasma-
enhanced (PECVD), and atomic layer deposition (ALD), have been
used to overcome these limitations and obtain highly pure Sb2S3
light absorber layers [65].

2.2.4.1. CVD vapor transport. By using aerosol-assisted (AA) CVD,
Rodriguez-Castro et al., reported the fabrication of Sb2S3 films by
thermal decomposition of asymmetric antimony dithiocarbamates,
Sb[S2CN(Me)R]3 (R ¼ Bu, Hex, Bz), or Sb[S2COR]3, for R ¼Me (1), Et
(2), and Pri (3), under a vacuum to yield high-purity Sb2S3 rods.
However, the Sb2S3 film quality was reported to be dependent on
the substrate temperature, and the formation of oxides and mixed
oxide/sulfides at higher temperatures was found to be the disad-
vantage of AA CVD process [142]. Later, the same group used the
MOCVD process to deposit Sb2S3 thin films using an antimony
thiolates Sb(SR)3 single-source precursor in which R was either
Butenol or CH2CF3, and the formation of orthorhombic stibnite
Sb2S3 films, with stoichiometries in the range Sb2S2.78-3.10 has been
reported from both precursors [142]. However, the morphologies of
the Sb2S3 films derived from different precursors were strongly
substrate-dependent in which precursor 1 led to the formation of
random platelets on both glass and Si substrate, while with pre-
cursor 2, growth of uniform Sb2S3 films having needle morphology
and long rods of stacked platelets have been reported on glass and
Si substrate respectively.
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On the other hand, as shown in Fig. 18(a)e(d), by AACVDmethod
andwith tris(thiobenzoato)antimony(III) complex as a single-source
precursor, Murtaza et al. reported the formation of stibnite phase
Sb2S3 with different morphologies like sheets, thick plates, or bun-
dles of sticks with varying sizes as the deposition temperature in-
creases due to facile transition into different shapes at higher
temperatures [65]. Although it has been reported that the fabrica-
tion of Sb2S3 structures with versatile and different morphologies
may be suitable for PVC application, Sb2S3 films fabricated by CVD
have not been investigated for solar cell applications, which could be
due to the instability of single-source antimony complex.

2.2.4.2. ALD. The atomic layer deposition (ALD) technique has been
employed to fabricate high-quality Sb2S3 thin-absorber films to
overcome the disadvantages (i.e. formation of antimony oxides,
poor reproducibility, etc.) of conventional chemical methods such
as CBD, spin coating methods [69]. As schematically demonstrated
by Kim et al. in Fig. 19(a), the main advantage of the ALD method is
that the Sb2S3 films deposited by ALD have a uniform thickness, and
Sb2S3 is reported to be free of oxides or oxygen impurities as the
ALD process does not include any oxygen sources during the ALD
chemical reactions [14]. Furthermore, the ability to precisely con-
trol the thickness of Sb2S3 was demonstrated by controlling the
specific amount of precursors. Consequently, a higher Voc can be
expected from the Sb2S3 films fabricated by ALD process as deep
trap levels that promote charge recombination is absent. Although
the ALD method was developed to deposit pure and conformal
Sb2S3 layers on various substrates, yet to be fully utilized in Sb2S3-
based thin film applications.



Fig. 18. SEM images of Sb2S3 thin films deposited onto glass substrates at (a) 300, (b) 350, and (c) and (d) 400 �C by have been deposited by Aerosol-Assisted Chemical Vapor De-
position (AACVD) from tris(thiobenzoato)antimony(III). Reproduced with permission [65], 2015, Elsevier.
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In an attempt to fabricate Sb2S3 solar cells by ALD method,
Wedemeyer et al. reported an efficiency of up to 2.6% for the solar
cell TiO2/Sb2S3/CuSCN device structure with an optimal Sb2S3
thickness of 10 nm [17]. Though the ALDmethod has been shown to
successfully form oxide-free, homogeneously distributed Sb2S3
along the depth axis, enhanced efficiencies have not been observed
as a result of the structural imperfections in the p-CuSCN deposited
by a wet chemical method. On the other hand, Kim et al. reported
5.77% and 2.17% efficiencies for the devices FTO/bl-TiO2/ALD-Sb2S3/
P3HT/Au and FTO/bl-TiO2/CBD-Sb2S3/P3HT/Au devices respectively
[14]. The improved photovoltaic performance of the device based
on ALD-Sb2S3 than CBD-Sb2S3 has been attributed mainly to the
reduced recombination due to the absence of oxides or oxygen
impurities as confirmed by XPS analysis. Later, Büttner et al. re-
ported the modification of the Sb2S3 layer grown by ALD by
deposition of a 1.5 nm ZnS thin layer as an additional interfacial
layer for further improvement of diode rectification by passivation
of surface defects at the interface to resolve the dewetting issue
that occurs on oxide-free Sb2S3 material [68]. The presence of the
ZnS layer improves the diode rectification of oxide-free- Sb2S3 over
that of Sb2S3xOx, and thus the efficiency of solar cells based on ZnS/
Sb2S3 material outperforms that of oxide-free Sb2S3. Also, by tran-
sient absorption spectroscopy analysis, Büttner et al. were also able
to demonstrate that themajority of charge carriers are recombining
at the interface between Sb2S3 and P3HT, affecting the Voc.

Using alternating exposures of tris(dimethylamino) antimony
(TDMASb) and H2S in a custom-built and modified showerhead
viscous flow reactor configuration, Mahuli etal. demonstrated
improved conformity of the Sb2S3 layer on TiO2 nanoparticles than
the traditional ALD route as shown in HR-TEM image of an ALD
grown Sb2S3 on TiO2 nanoparticles at 150 �C (Fig. 19(b)) [38].
However, the reported low PCE of 1.9% with the Spiro-OMeTAD
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hole transport layer has been attributed to the reduction of the
TiO2 ETL by the metaleorganic precursor during ALD process. In a
recent study, Butner et al. investigated the ALD-grown Sb2S3 as the
absorber material and the effect of the length of TiO2 NT and Sb2S3
loading amount in solid-state heterojunction solar cells to optimize
the light absorption while thinning down the light-absorbing layer
[69]. The reported higher solar cell performance with a 15 nm thick
Sb2S3 layer than that of a 5 nm thick layer in planar cell and higher
solar performance with a 5 nm thick Sb2S3 layer than that with a
15 nm thick layer in 1-D structures was mainly attributed to
dewetting effect. As demonstrated schematically in Fig. 19(c) and
SEM image (Fig. 19(d)), during the crystallization process, the ag-
gregation of larger Sb2S3 led to the generates discontinuous rod-
like structures shaped by the TiO2 nanochannel due to dewetting
while the with a 5 nm Sb2S3 thick layer, such a damaging dewetting
has not been observed. However, the reported solar cell efficiency
for Sb2S3 with 1-D TiO2 was inferior to that of the planar cell in-
dicates that the vapor deposition method is preferable to obtain a
more homogeneous Sb2S3 film surface in the planar device than 1-
D structure.

2.3. Physical methods

Physical deposition methods such as evaporation and sputtering
are preferred over chemical depositionmethods for obtaining high-
quality Sb2S3 thin films for device applications. The vacuum ther-
mal evaporation technique, electron beam evaporation, pulsed
laser deposition and direct/current/radio frequency magnetron
sputtering are the most commonly reported physical methods for
fabricating Sb2S3 thin films in solar cell applications. Physical
evaporation is usually done under controlled atmospheric condi-
tions or in a vacuum, in which materials are converted from the



Fig. 19. (a) Schematic illustration for the formation of Sb2S3 thin-layer on the bl-TiO2/FTO substrate by CBD and ALD process. [14], 2014, Royal Society of Chemistry. (b) HR-TEM
imaging revealing an excellent conformity of ALD grown a-Sb2S3 on TiO2 nanoparticles at 150 �C. Reproduced with permission [38], 2020, American Institute of Physics. (c)
Schematic cross-section of a TiO2 NT solar cell with 15 nm and 5 nm of Sb2S3. Reproduced under terms of the CC-BY license [69], (d) SEM top views (i, iii, v and vii) and cross-sections
(ii, iv, vi and viii) of TiO2 NTs with Sb2S3 ALD layers before and after annealing with TiO2 and Sb2S3 indicated in blue and green, respectively. (i and ii) 15 nm of Sb2S3 as grown, (iii
and iv) 15 nm of Sb2S3 crystallized, (v and vi) 5 nm of Sb2S3 as grown, (vii and viii) 5 nm of Sb2S3 crystallized. Reproduced under terms of the CC-BY license, [69].
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solid phase to the vapor phase and then back to the solid phase on
the substrate. Although physical methods for producing thin films
enable the production of precise, controlled, and high-quality
Sb2S3, they are not cost-effective.

2.3.1. Vacuum thermal evaporation
It has been reported that the properties of thin films fabricated

by vacuum thermal evaporation are highly dependent on the ma-
terial properties and the applied potential to the substrate under
vacuum. A solar cell with a device structure of FTO/CdS/Sb2S3/
CeAg, in which Sb2S3 film was prepared using the thermal evapo-
ration technique reported by Escorcia-García, has a Voc, of 600 mV,
a Jsc, of 6.1 mA/cm2, and a solar energy conversion efficiency of
1.27% [94]. Because no improvement in the crystalline grains was
observed using a thermal evaporation method, the reported effi-
ciency was found to be even lower than that of a chemically
fabricated Sb2S3 thin film with a similar device structure. Later,
Mayon et al. reported that the Sb2S3 deposited by the thermal
evaporation method was sulfur-rich, and thus the mean coordina-
tion number is lower than the stoichiometric Sb2S3 deposited by
the solution-based process because sulfur evaporates more easily
than antimony. Consequently, during the post-deposition anneal-
ing step, it has been reported the flattening of the malleable Sb2S3
leads to the deposition of a thin and uniform hole transport layer as
shown in Fig. 20(a) [50]. Additionally, Sb2S3 films fabricated by the
thermal evaporationmethod was reported to have better electronic
properties due to the presence of a high proportion of (211), (221),
(041), and (141) crystal planes, and a low proportion of the (020)
crystal plane. By the co-evaporation of sulfur or antimony during
thermal evaporation of Sb2S3, Yin et al. reported that the PCE of
Sb2S3 films fabricated by thermal evaporation can be enhanced
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under sulfur-rich conditions while the decrease in PCE has been
reported under antimony-rich condition due to change in the car-
rier concentration and transport dynamics [100].

Though it is possible to produce homogeneous Sb2S3 films by a
thermal process, one of the most common issues with Sb2S3
deposition in the thermal process is the poor thermal stability of
Sb2S3 in a vacuum, which results in significant compositional de-
viation, limiting the ability to achieve high-quality Sb2S3 crystalline
films [50]. Hence, Wang et al. used a selenization-based post-
treatment approach and found that the post-selenization of Sb2S3
resulted in increased crystallinity and the formation of micron-
sized large grains, thereby promoting grain growth, as evidenced
by the SEM images shown in Fig. 20(b) [98]. It has also been re-
ported that the existence of a gradient composition of Sb2S3/
Sb2S3(Se)/Sb2Se3 (Fig. 20(c)) due to partial S atom replacement of S
atoms by Se atoms at the interface could improve photogenerated
positive carrier transport from the pen junction to the anode. On
the other hand, Lan et al. employed a different approach to improve
the PCE of thermally evaporated Sb2S3 films-based solar cells, in
which they used the Li-doped TiO2 films to improve electron
extraction and transport properties, and a PCE of 1.79% and 4.04%,
were reported for TiO2 and Li-doped TiO2 films respectively [12].

In a similar way to thermal evaporation, Yuan et al. reported the
use of the rapid thermal evaporation (RTE) method to deposit
compact Sb2S3 films at a much faster rate than regular thermal
evaporation, in which the source was melted and then evaporated
at liquid phase [95]. In their study, Yuan et al. reported that
increasing the evaporation temperature from 500 to 550 �C
increased the grain size from 200 to 500 nm due to increased fusion
of the grain boundary together and higher Sb2S3 vapor pressure at
higher temperatures (Fig. 21(a)). Additionally, the use of the fast-



Fig. 20. (a) Cross-section images of the antimony sulphide solar cells obtained with an SEM-FIB system. Note that the platinum layer was deposited on top of the gold contact to
prevent damage to the sample from the FIB milling process Reproduced with permission [50], 2015, Wiley-VCH. (b) Top-view SEM images of Sb2S3 films under various treatment
conditions. (i) Untreated. (ii) Vacuum annealed. (iii) selenization for 15 min. (iv) Selenization for 20 min. Reproduced under terms of the CC-BY license [98], (c) energy levels along
the vertical depth of selenization Sb2S3 film. Reproduced under terms of the CC-BY license, [98].
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cooling process resulted in improved electronic properties due to
preferential growth of the (120) phase and suppression of the (200)
phase of Sb2S3 (Fig. 21(b)). A highly stable solar cell with a PCE of
3.5% has been reported for the optimized planar solar cells based on
ITO/CdS/Sb2S3/Au by growing high-quality Sb2S3 thin film by the
RTE method and avoiding the use of oxide ETL and common HTL to
address the discoloration effect and degradation of HTL. The same
group reported that Se post-treatment of Sb2S3 deposited by RTE
method increased the PCE of ITO/CdS/Sb2S3/Au to 4.17% as a result
of interface and bulk defect passivation as well as an increase in the
VB maximum [47].

However, the formation of horizontally stacked [120] Sb2S3 by
the RTE method led to diminished Jsc as the electrons needed to
hop between the ribbon layers andwas found to be themain reason
for the reported low PCE of solar cells fabricated with the Sb2S3
films on CdS [47,87]. Hence, Zeng et al. [87] adopted the VTD
method, which is a modification of the RTD method to stack the
Sb2S3 film vertical [hk1] orientation on CdS. As shown in Fig. 21(c),
Sb2S3 deposited on CdS by VTD had mostly [121] and [221] orien-
tations, whereas RTE-Sb2S3 reported having [120] and [200] ori-
entations [87] (Fig. 21(d)). They reported a PCE of 4.73% and a Jsc of
15.6 mA/cm2 for (ITO)/CdS/Sb2S3/Au, which has been mainly
attributed to the improved Jsc resulting from the orientated film,
which improves carrier transport, as well as the higher grain size of
the Sb2S3 film fabricated by the VTD method.

Later, Deng et al. reported the RTE deposition of Sb2S3 and noted
the formation of large Sb2S3 grains on TiO2 ETL at a relatively lower
crystalline temperature of 300 �C compared to the 500 �C crystal-
lization temperature required to grow a similar size Sb2S3 grain on
CdS by the RTE method [28,143]. The solar cell performance of a
planer device fabricated with FTO/TiO2/Sb2S3/Au without HTM
layer was reported to increase from 0.91 to 2.48%when the increase
of crystalline temperature from 200 �C to 300 �C as a result of the
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growth of larger Sb2S3 grains via Ostwald ripening and the for-
mation of a smooth and compact Sb2S3 surface. Further tempera-
ture increases to 320 �C have been shown to have a negative effect
on PCE due to the formation of pinholes. The PCE efficiency was
reported to increase by 3.2% after further annealing the Sb2S3 films
deposited by the RTE method in the Se atmosphere, with the
improved PCE efficiency attributed to the formation of larger grain
sizes and clearer gain boundaries in Se annealed Sb2S3 than in as-
deposited Sb2S3. Furthermore, it has been also reported the
enhancement of the rectification factor in Se-treated Sb2S3 film
compared to that of as-deposited Sb2S3 film. Similarly, Pan et al.
reported the deposition of the Sb2S3 thin film by the RTE and the
fabrication of solar cell of the structure Soda-lime glass (SLG)/Mo/
Sb2S3/CdS/iZO/AZO/Ni:Al and found that the film quality, and hence
the PCE can be improved by optimizing the substrate temperature
and evaporation time as it can be manipulated to obtain desired
film crystallization and the grain size [99].

To mitigate the interface defects and transport loss, Deng et al.
reported the quasi-epitaxial growth of vertically orientated Sb2S3
layer on FTO/TiO2 by the RTEmethod [143]. It is a known fact that in
terms of efficient charge collection and light trapping of Sb2S3 films,
vertical [hk1] orientation is preferred over the parallel [hk0]
orientation to the TiO2 ETL [143]. However, due to randomly
distributed crystal facets of the TiO2 substrate, Sb2S3 was found to
grow along with its preferred low energy [hk0] orientation
spreading all over the TiO2 resulting in nonideal interchain hopping
style carrier transport (Fig. 21(e)i). However, vertically stacked
Sb2S3 alone in the [001] orientation on lattice-mismatched TiO2 has
been shown to increase interface charge recombination (Fig. 21(e)
ii). Hence, Deng et al. tuned the TiO2 exposure facets by the thermal
treatment inwhich oxygen vacancy Vo is created in TiO2 for lattice-
matched epitaxial growth for Sb2S3 alone [001] orientation to
promote charge carrier transport as shown in Fig. 21(e)iii. As



Fig. 21. (a) Top view SEM images of Sb2S3 solar cells (i) (Lower crystallization temperature, 500 �C) LT-Sb2S3 device, (ii) (Higher crystallization temperature, 550 �C) HT-Sb2S3 device.
Reproduced with permission [95], 2016, Elsevier. (b) XRD patterns of FC-Sb2S3 and NC-Sb2S3 thin film. Reproduced with permission [95], 2016, Elsevier. (c) CdeS bond breakage and
the adsorption of Sb2S3 molecules onto Cd2þ dangling bonds exposed to CdS surface during the vapor transport deposition (VTD) process. Reproduced with permission [87], (d) XRD
patterns of the rapid thermal evaporation (RTE) and VTD samples. Reproduced with permission [87], 2020, American Chemical Society (e) Crystal structures of (Sb4S6)n ribbons
schematically stacked on TiO2. (i) [hk0] orientation Sb2S3 ribbons lie on TiO2 nanoparticle substrate and the photocarriers transport in a hopping style. (ii) [001] orientation Sb2S3
ribbons directly stand on crystalline TiO2 with mismatched lattices. (iii) [hk1] orientation Sb2S3 ribbons chemically bond with crystalline [101] TiO2 surface [143], 2019, Wiley-VCH.
(f) XRD spectra of Sb2S3 films from epitaxial and nonepitaxial growth. Reproduced with permission [143], 2019, Wiley-VCH.
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demonstrated in XRD analysis (Fig. 21(f)), the nonepitaxial growth
preferred [120] orientation while epitaxial growth preferred [221]
and [211] orientation. Hence, Deng et al. reported a stable 5.4%
efficient solar cell for epitaxial growth and optimized Sb2S3 grain
size, and the enhanced PCE was attributed to light trapping effects,
improved pen junction quality and higher built-in-potential.
Similarly, Ishaq et al., reported a PCE of 5.16% and a record VOC of
702 mV for an epitaxial growth film and full-inorganic Sb2S3 by the
RTE method on Zn incorporated TiO2 [144], and the enhanced
performance was attributed to the formation of compact, highly
crystalline, and uniform film with a large grain size of Sb2S3 on Zn
incorporated TiO2, improving the junction quality by suppressing
the interface recombination and reverse saturation current.

2.3.2. Sublimation and radio frequency sputtering (RF sputtering)
The sublimation and radio frequency sputtering (RF) deposition

methods are preferable in the planar film system to achieve a more
homogeneous film and to obtain large crystal grains due to the fast
deposition process [12,31]. In the deposition of Sb2S3 film by sub-
limation, the saturated Sb/S vapor produced by heating Sb2S3 was
condensed to form films on the substrate in the cold area [145].
PCEs of 3.08 and 1.38% have been reported for the Sb2S3 film
deposited on TiO2 and CdS substrate, respectively, using rapid
sublimation of Sb2S3 with a short deposition time under 30 s [145].
The reported Sb2S3 grain sizes on TiO2 and CdS substrates were
500 nm and 200e500 nm, respectively, and the increased PCE on
TiO2 over CdS substrate has been attributed to the formation of
larger crystal Sb2S3 grains, resulting in longer diffusion lengths for
the electrons and holes pairs. By manipulating the substrate and
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source temperatures, Guo et al. demonstrated the formation of
nearly 1 mm large Sb2S3 grains on the CdS substrate and a 3.8% PCE
has been reported with the configuration of glass/FTO/CdS/Sb2S3/
graphite back contact [146]. The observed higher PCE with Sb2S3/
CdS by Guo et al. [146], can be attributed to the formation of larger
Sb2S3 grains than that of smaller crystal grains reported by Zeng
et al. [145]. The as-grown Sb2S3 film has been reported to have a
strong (211)-preferred orientation benefitting the charge transfer
along with the (Sb4S6)n ribbons in the Sb2S3 film. Based on the first-
principles density functional theory (DFT) study, they predicated
the p-type nature owing to S-on-Sb antisites (SSb) and the limita-
tion of the device performance by the S vacancies, and they pro-
posed further improvement by controlling the S environment
during film deposition or through post-deposition sulfurization.
The deposition of Sb2S3 thin films on the FTO substrate via
magnetron sputtering of an Sb2S3 target has been reported by Gao
et al. [146] and the increase in the grain size and hence consequent
enhancement in the PCE for the Sb2S3 deposited RF has been re-
ported due to increase in the grain size with the post-annealing
temperature. By doping of elemental Cu into Sb2S3 films prepared
by RF magnetron sputtering, the increase in the electronic carrier
concentration from 6.28 � 109 to 6.06 � 1010 cm�3 and also the
uplifting of the Fermi level has been reported by Lei et al. [90]. The
increase in built-in potential due to improved carrier concentration,
combined with the up-shift of the Fermi level of RF-sputtered Sb2S3
films, may boost the photovoltaic performance of solar cells.
Similarly, post-sulfurization or post-selenization of RF sputtered
Sb2S3 films resulted in a highly crystalline thin film with large
crystal grains an improvement in PCE performance [51].
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3. Prospective and summary: challenges and opportunities
for the future research

The effect of morphology and structural changes in Sb2S3 films
fabricated using various thin film fabrication methods on solar cell
performance was reviewed. The review discusses the fundamental
structure and properties of Sb2S3, and then demonstrates how the
morphology and structural changes of Sb2S3 films produced using
various fabrication techniques and parameters affect solar cell
performance. This study also includes significant recent de-
velopments and current research trends of Sb2S3-based photovol-
taic devices paving a new path to improving Sb2S3 performance in
the future.

The orthorhombic Sb2S3 fabricated by various chemical or
physical methods generally has finite (Sb4S6)n ribbon-like struc-
tures along the c-axis. The bandgap of Sb2S3 has been reported to
vary in the range of 1.56e2.25 eV, while the reported conductivity
of Sb2S3 in room temperature is 10�8 e 10�9 U�1cm�1 depending
on the fabrication methods and the parameters. The chemical bath
deposition method is the most commonly used thin-film Sb2S3
fabrication technique due to its simplicity and ease of fabrication.
However, Sb2S3 films formed by the CBD method is an amorphous
in nature, the films required an additional temperature treatment
with air/inert gas conditions to optimize the crystalline properties
of Sb2S3. One of the major disadvantages of the conventional
chemical bath deposition method is that the thickness of Sb2S3 film
deposition does not depend linearly on reaction time because Sb2S3
deposition is dependent on nucleation in the heterogeneous solu-
tion and growth process. Furthermore, it has been reported that the
formation of antimony oxides during the deposition of Sb2S3 has a
negative impact on device performance, which has been partially
eliminated by using gaseous sulfur during the deposition process.
On the other hand, the ALD method can control the thickness and
morphology of Sb2S3 thin films much more precisely than the CBD
method. The significantly improved control of thickness,
morphology (denser), and phase purity in the films deposited by
ALD resulted in enhanced solar cell performance. The purity of the
Sb2S3 absorber layer deposited by the chemical spray pyrolysis
(CSP) method is determined by the precursor solution, composition
ratio with a Sb/S ratio greater than 1:3 yielding an oxide-free Sb2S3
layer. The thermal evaporation method of Sb2S3 has many advan-
tages, including being simple and low-cost, using a non-vacuum
technique, and making large-area solar cell deposition feasible
rather than chemical bath deposition (CBD). Although the higher
temperature requirement of the thermal evaporation method of
Sb2S3 deposition produces sulfur defects, the trap states produced
result in inferior solar cell performance. The electrodeposition
method is a simple, low-cost method that allows for better
composition control and uniformity. However, the electrodeposited
films, have a high resistivity and a thin film thickness. On the other
hand, vacuum-based synthesis techniques can render denser,
higher purity, and larger-grained films. The Sb2S3 Layers deposited
at higher temperatures (550 �C) were compact and composed of
large grains (500 nm).

In general, Sb2S3-based solar cells do not perform as well as
other thin-film-based solar cells. The highest reported efficiency
~8% (with an average Voc, Jsc and FF of in the range 400e600 mV,
12e18 mA/cm2 and 50e60% respectively) for Sb2S3 solar cells in
planar configuration is far behind the projected PCE efficiency of
~28% (with JSC ¼ 22.46 mA/cm2, VOC ¼ 1.402 V, FF ¼ 91%) under an
AM 1.5G spectral irradiance for single pen junction with an
absorber of 1.7 eV. When compared to theoretical calculations, the
experimentally observed low VOC and low FF values for Sb2S3 solar
cells could be the primary cause of poor solar performance. The
reported poor performance of Sb2S3 in solar devices implies that
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significant factors such as intrinsically formed traps and the pres-
ence of surface defect states, which have been identified as limiting
factors for device performance, have not been successfully
addressed by the present film fabrication methods.

Although the ability to manipulate the optical and electrical
properties, as well as the morphology of Sb2S3 films, has been
demonstrated using chemical or physical Sb2S3 film fabrication
methods, these films require an additional temperature treatment
with air/inert gas conditions to optimize the crystalline properties
of Sb2S3. Significantly, while various Sb2S3 films fabricated using
different processes were found to be suitable for solar cell appli-
cations as a light-harvesting material, all of them were found to
contain defects, which may be related to the reported low PCE. As a
result, it's critical to look for alternative ways to overcome these
flaws, not just by changing the fabrication method. One important
fact is that the effect of oxygen during the fabrication of Sb2S3 films
by various methods should be seriously considered, as the litera-
ture indicates significant positive as well as negative effects of ox-
ygen during fabrication. Despite the fact that oxygen plays a critical
role in the fabrication and deposition of Sb2S3, its precise role in
device performance is unknown. An investigation into the critical
role of oxygen in Sb2S3 fabrication may result in a streamlining of
the Sb2S3 fabrication method as well as the desired conductivity
type and conductivity, which may overcome the current efficiency
bottleneck of Sb2S3-based solar cells.

Achieving the target of a 28% efficient Sb2S3 solar cell is a sig-
nificant challenge, with critical issues like absorber and interfacial
properties necessitating careful optimization. The morphology of
Sb2S3 needs to be carefully tuned to obtain defect-free (or with
minimum defects) large grain size and high crystalline Sb2S3 films
as minority carrier lifetime, buffer/absorber interface recombina-
tion, tunneling enhanced recombination, and recombination due to
bulk defects have been identified theoretically as the major loss
mechanisms. On the other hand, achieving the goal of a 28% effi-
cient Sb2S3 solar cell is a significant challenge due to the large gap
between the theoretical predicted and current record Sb2S3 device
PCE, which necessitates a large number of comprehensive research
efforts. However, the lack of such coordinated studies could be one
of the reasons for the slow progress on Sb2S3 solar cells. Finally,
given the recent interest in low-cost earth abandon materials for
solar cell applications, advances in Sb2S3 thin film fabrication
technology may result in better Sb2S3 film quality and device
performance.

4. Conclusion

In this review, the fundamental properties of Sb2S3, as well as
structural and morphological changes caused by various tech-
niques, were covered. Sb2S3 is a unique compound with a single-
phase, anisotropic crystal structure, high absorption coefficient,
stability, and wide bandgap (~1.7 eV). Despite reported higher ef-
ficiencies for sensitized Sb2S3 Solar cells, the planar device struc-
ture is more competitive for Sb2S3-based solar cells. The spin
coating technique is the most common and suitable method for
planner structure, and the current efficiency of such a cell in a
configuration of FTO/compact-TiO2/Sb2S3/SbCl3/Spiro-OMeTAD/Au
reached an efficiency of 6.9%. The high density of interface defects
and poor carrier transport are the limitation of Sb2S3 based solar
cells are. Synthesis conditions and surface treatments methods
were reviewed in this paper to improve the Sb2S3 based thin-film
solar cells. The most suitable temperature of crystallinity of Sb2S3
is recorded as 300 �C in inert gas. Surface treatments like sulfuri-
zation and selenization are temperature and time-sensitive. With
the sulfurization technique, the Sb2S3 sensitized solar cells reached
the highest efficiency of 7.5%. Large Sb2S3 grains with high
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crystallinity are one of the critical factors that enhance the
recombination resistance and lead to the device's performance. By
utilizing proper conditions of Sb2S3 fabrication, high-quality films
can be produced, which is suitable for thin-film solar cell applica-
tions. Hence, it is critical to look for novel ways to fabricate thin
Sb2S3 films in order to break through the current PCE limits and
lead to the utilization of earth-abundant and harmless Sb2S3 in the
future.
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