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Abstract: Thin films of bismuth(III) sulfide (Bi2S3) on fluorine doped tin oxide (FTO) coated
glass slides were successfully formed by the chemical bath deposition (CBD) method.
In this work, a new sulfur precursor L-cysteine was used instead of the typical sulfur
precursors, such as urea, thiosulfate, or thioacetamide, used for the formation of the
Bi2S3 films by the CBD method. The synthesized Bi2S3 thin film on the FTO substrate
was subjected to characterization techniques, including X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and UV–Visible
spectroscopy analysis. An X-ray diffraction analysis showed that, initially, Bi2S3 films of an
amorphous structure with elemental sulfur impurities were formed on the FTO surface.
During the annealing of the samples, amorphous Bi2S3 was transformed into its crystalline
phase with an average crystallite size of about 22.06 nm. The EDS studies confirmed
that some of the sulfur that was not part of the Bi2S3 was removed from the films during
annealing. The influence of the morphology of Bi2S3 films on their optical properties was
confirmed by studies in the UV-visible range.

Keywords: bismuth(III) sulfide film; chemical bath deposition; XRD; SEM

1. Introduction
Accelerating climate change, rapidly growing populations, and the resulting pollution

are forcing a shift away from fossil fuels to clean and sustainable energy sources. Solar
energy is one of these sources. It is imperative to develop innovative, efficient, and resource-
saving solar energy technologies that have a lower impact on the environment. Non-toxic,
earth abundant, and stable, bismuth is an ideal alternative to poisonous lead, cadmium,
or mercury in environmentally friendly solar panels. Furthermore, non-toxic bismuth(III)
sulfide (Bi2S3) thin films are of great interest as a component of solar cells due to their
high efficiency for converting incoming photons into electrons. Bi2S3 is classified as an
n-type semiconductor with a direct optical band gap between 1.3 and 2.2 eV, and with a
high absorption coefficient of 105 cm–1 [1]. According to the Beer–Lambert law, a 200 nm
thick Bi2S3 film can absorb 95% of the incident radiation [2]. Due to the optical and
electro-optical properties of the Bi2S3 films, they are widely used in optoelectronic and
thermoelectric devices, such as photo-catalysts [3], hydrogen storage [4], and the optical-
detection for infrared [5] and UV light [6], among other uses. Furthermore, the Bi2S3 thin
films can be used as efficient anode materials for lithium–ion batteries [7], as thermoelectric
hydrogen [8] gas sensors [9], or memristors [10], and even for cancer diagnostics [11,12].
Bi2S3 thin films can be grown using physical processes, including spray pyrolysis [13],
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pulsed laser deposition [14], chemical vapor deposition [15], and thermal evaporation [16],
among other processes. However, the above methods for forming Bi2S3 thin films have
various disadvantages, such as requiring complex equipment, high temperature, ultrahigh
vacuum environment, and high costs. While wet methods, such as chemical bath deposition
(CBD) and successive ion layer adsorption and reaction (SILAR) of chalcogenide films,
are very promising due to their low deposition costs, ease of equipment use, and large
surface area deposition capability. The use of flow reactors in the process of film formation
eliminates the influence of local fluctuations in the concentration or temperature gradient
on the deposited film [17]. However, the most important advantage of this method is the
ability to control the formation rate and the film thickness. During the formation of films
by the CBD method, the substrate, and all cationic and anionic precursors are present in the
same reaction bath. Thus, the reaction rate is controlled by the gradual release of metal ions
from their chelate complexes, which then react with the sulfur ions to form a thin metal
sulfide film. The film thickness can be controlled by varying the duration of the reaction.
This allows for the production of films in one step, as well as the simultaneous control of
film deposition. Therefore, in this work, the CBD method was used to form thin films of
Bi2S3. The optoelectronic properties of films depend on their morphology, crystallinity, and
the shape and size of the nanoparticles they contain. A wide range of the morphologies of
Bi2S3 nanostructures is also known, such as stars, balls, belts, ribbons, flowers, snowflakes,
tubes, rods, and wires [18]. The microstructure of sulfide films is significantly affected by
sulfur sources [19,20] and the metal-to-sulfur ratio [20]. For the deposition of Bi2S3 thin
films by the CBD method, thioacetamide, thiourea, and thiosulfate [21] are usually used as
sulfur-releasing precursors.

A new precursor of sulfur for the formation of metal sulfide films may be L-cysteine,
which has been studied much less than the precursors listed above. In its molecular struc-
ture, sulfur is present as a thiol group [–SH]. In addition, L-cysteine contains carboxyl
[–COOH] and amino [–NH2] groups, which can bind protein biomolecules to metal elec-
trodes, and gives it a unique metal-binding ability [22]. This makes L-cysteine one of the
most versatile biomolecules for forming thin-layer bifunctional films. Furthermore, when
combined with graphene oxide, it can be used for multicomponent synthesis as a reducible
catalyst [23], for detection of toxic metal ions [24], for sensing in nanoarchitectonics [25], or
for improving the anticorrosive properties of coatings [26]. Bi2S3 nanoparticles of various
shapes and sizes and their heterostructures were synthesized using L-cysteine as a sulfur
precursor using two-step hydrothermal [26–28] or solvothermal [29] methods. Meanwhile,
the Bi2S3 layers were formed using L-cysteine by the electrodeposition method [30].

L-cysteine is considerably underexplored compared to the precursors listed above.
The main drawback of L-cysteine as a sulfur precursor is its cost and relatively low sulfur
content. By contrast, the selection of L-cysteine in our work was based out of scientific
interest, as we found no existing work exploring its role in forming such metal sulfide
films using the CBD route. The literature presents us with conflicting data on the effect of
annealing on the film structure. Karsandik et al. [31] and Hussain et al. [32] reported the
presence of the effect of annealing on the crystallite size and morphology of Bi2S3 films.
However, Ahire et al. [33] noted no significant annealing effect on the crystalline structure
of the films. Given these clashing confirmations, the main objective of this study was first
to form Bi2S3 thin films on FTO substrates using the CBD wet chemistry method, then to
anneal them and evaluate how this operation affects the crystallinity, morphological, and
optical properties of these films.
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2. Materials and Methods
2.1. Materials

For the synthesis of the Bi2S3 thin films, bismuth nitrate pentahydrate Bi(NO3)3·5H2O
(99.99% purity) and L-cysteine (98.0% purity) were purchased from Sigma–Aldrich (Burling-
ton, Massachusetts, United States). They were used as the precursors, while ethylenedi-
aminetetraacetic acid disodium salt (EDTA-Na2) was used as a chelating agent. The fixanals
of 0.1 mol/L nitric acid (Fluka, Buchs, Switzerland) and 0.025 mol/L EDTA-Na2 disodium
salt solution (Chem-Lab, Zedelgem, Belgium) were also used to prepare solutions. Fluorine
doped tin oxide (FTO) coated glass slides (by Merck, Rahway, NJ, USA) were used as
substrates for the deposition of the Bi2S3 films. All materials were used as received.

2.2. Formation of the Bi2S3 Films

Pre-structured FTO slides (300 mm × 300 mm × 2.2 mm, surface resistivity ~7 Ω/sq)
were cleaned with soapy water, then with acetone and distilled water in an ultrasonic
bath, each step for 10 min, and finally dried in a desiccator over silica gel granules. The
0.1 mol/L bismuth precursor solution was prepared by dissolving 48.5 g Bi(NO3)3·5H2O
in a minimum volume of 1 M nitric acid with magnetic stirring at 300 rpm until dissolved,
and then diluted with distilled water to 1 L. The solution for the formation of the Bi2S3 films
was prepared by mixing 25 mL of 0.1 mol/L Bi(NO3)3 solutions and 30 mL of 0.025 mol/L
EDTA-Na2 solutions, followed by raising the temperature of the resulting solution to 80 ◦C
and adding 1.0, 1.5, and 2.0 g (samples S1, S2, and S3) of L-cysteine powder while stirring.
The concentrations of L-cysteine in the solutions prepared in this manner were 0.15, 0.23,
and 0.30 mol/L, respectively. After 5 min, the FTO was immersed in this solution and kept
there for 8 h. Zhang et al. [34] reported the co-precipitation of heavy metals, such as Cu(II),
Pb(II), and Cd(II), from aqueous solutions using L-cysteine at 80 ◦C for 12 h. Since we
did not find any information on the formation of Bi2S3 films on FTO substrates using the
CBD method, these films were deposited under conditions similar to those described in
the above-mentioned reference. When L-cysteine powder is added to the clear, colorless
bismuth nitrate solution prepared for the experiment, the solution turns light yellow. This
solution remains clear and light yellow throughout the experiment. Meanwhile, a black thin
film of Bi2S3 gradually forms on the surface of the FTO slide. At the end of the experiment,
the FTO slide samples were removed from the vessel, washed with distilled water for
20 s, dried in a desiccator for 24 h, and then used in further studies. Recently, it has been
reported [35] that Bi2S3 films are partially oxidized to bismuth oxysulfate (Bi6S2O15) when
annealed in an ambient atmosphere at temperatures of 360 ◦C and above. Therefore, the
FTO slides with the Bi2S3 films were annealed in ambient atmosphere with a heating rate
of 10 ◦C/min up to 300 ◦C. The samples were held at this temperature for 20 min and then
allowed to cool naturally. The preparation of Bi2S3 films on the FTO slides by the CBD
method are shown in Figure 1.

Figure 1. Scheme for obtaining Bi2S3 films on the FTO slides by the CBD method.
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2.3. Characterization Methods of the Bi2S3 Films

An X-ray structural analysis of the Bi2S3 films formed on the FTO plates was performed
using a D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) with a high-speed
one-dimensional Bruker LYNXEYE detector for recording diffraction patterns. The sizes
of the Bi2S3 crystallites were calculated using the Scherrer formula based on the X-ray
diffraction data along a given crystallographic plane as follows:

D =
kλ

βcosθ
(1)

where D is the average crystallite size, λ is the X-ray wavelength (1.54178 Å), k is the shape
factor (k = 0.9), θ = Bragg’s angle, and β is full-width at half-maximum (FWHM) of the peak.
The phase composition of the formed films was determined using the Crystallographica
Search-Match v. 2.1 and ConvX v. 1.0 software. The surface structure and morphology of the
Bi2S3 thin films formed on the FTO plates were studied by scanning electron microscopy
(SEM) using a Hitachi S–3400N scanning electron microscope (Chiyoda, Tokyo, Japan,
magnification 1000× and 10,000×, scale 50 µm and 5 µm). The elemental composition
of these films was determined by energy-dispersive X-ray spectroscopy (EDS) using an
analyzer (JEOL-JSM 6360 A). The UV–Vis spectra were recorded at room temperature on a
PerkinElmer Lambda 35 UV/VIS Spectrometer (Waltham, MA, USA). To compensate for
the absorption of the PP strip band in the range of 200–900 nm, the Diffuse Reflectance
Sphere Labsphere RSA-PE-20 was used.

A MarSurf WS1 (Göttingen, Germany) white light interferometer was used to measure
the thickness of the film. First, on the prepared sample, a line was scratched diagonally in
order to obtain the FTO glass, and then a picture of the sample surface was recorded. A
point-measurement system was used. The heights between the FTO glass and the deposited
film were measured, and this process was repeated 15 times at different parts of the film in
order to measure the thickness precisely. Then, the average thicknesses were calculated.

3. Results and Discussion
3.1. Bi2S3 Film Formation

A series of Bi2S3 films were formed on an FTO slide substrate using the CBD method,
which maintains constant parameters under systematic variation of the sulfur precursor
concentration. The probable process of formation of these films is shown schematically
in Figure 2. Initially, Bi3+ forms ligand complexes with EDTA-Na2, which stabilize the
Bi3+ ions and prevent their rapid hydrolysis in aqueous solution. El Adraa et al. recently
reported [36] that L-cysteine formed a very stable chelate complex with heavy metal cations.
Therefore, it is very likely that after L-cysteine dissolves in this solution, it reacts with
Bi3+ ions, which are gradually released at higher temperatures due to hydrolysis of the
chelate complex [37]. As a result of this reaction, complexes of bismuth with L-cysteine
(Bi–LCy) are formed, which are deposited on the surface of the FTO plate. At the same
time, hydrolysis of L-cysteine probably also occurs in the solution, leading to the formation
of elemental sulfur. Salavati-Niasari et al. reported that a Bi complex containing L-cysteine
decomposes at 180 ◦C for 5 h to form agglomerated Bi2S3 particles [38]. Finally, the FTO
slides with the formed films were annealed at 300 ◦C for 20 min. At this temperature, the
chelate complexes of bismuth with L-cysteine in the films was expected to decompose to
form a crystalline Bi2S3 phase.
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Figure 2. Schematic illustration of the formation of Bi2S3 films using L-cysteine as a sulfur precursor.

3.2. XRD Characterization

The structural characterization of the obtained Bi2S3 films on the FTO slides was
carried out using X-ray diffraction. The XRD data of the Bi2S3 films were interpreted in
detail using combinations of the data available in the literature [39–41] and the JCPDS
reference templates. The results of the X-ray diffraction analysis are shown in Figure 3.
Although the surface of samples 1–3 was obviously changed after the formation of the Bi2S3

films on them, the XRD patterns presented in Figure 3 do not show any peaks attributed
to any bismuth(III) sulfide phase. Here, it can also be seen that the formed films contain a
single-crystal phase of orthorhombic sulfur S8 (JCPDS: 83-2285). It is also important to note
that six of the seven sulfur peaks, including the three most intense ones at 2θ = 26.66, 33.87
and 51.69◦, overlap with the FTO peaks. Therefore, it is likely that the film formed on the
FTO surface consists of the amorphous phase Bi2S3 or Bi–LCy and the crystalline phase of
sulfur S8. The effect of annealing on the morphology, microstructure, crystallite size, phase
composition, and optical properties of metal chalcogenide films on the surface of various
carriers has been confirmed in our studies [42,43]. Therefore, in this work, we expected that
the amorphous Bi2S3 would transform into a crystalline form during annealing. The X-ray
diffraction patterns 1*–3* shown in Figure 3 confirmed that the films on the FTO slides
formed a crystalline phase of orthorhombic bismuth(III) sulfide (JCPDS: 17-320) during the
annealing process, with five peaks assigned to it at 2θ = 17.69, 25.20, 28.75, 31.89, and 52.56◦.
At the same time, from the peaks of the diffraction patterns shown in Figure 3, it can be
said that the peaks of Bi2S3, elemental sulfur S8, and SnO2 are in very similar positions, and
most of them overlap each other. Since the most intense peaks of the diffraction patterns of
SnO2 and S8, such as 2θ = 26.66, 33.87, 37.91, 51.69, 61.74, and 65.72◦, overlap, it is unclear
whether sulfur remains in the film after annealing. To make sure that there was no sulfur
left in the film after annealing, it was decided to remove the SnO2 peaks from its diffraction
pattern. To accomplish this, part of the film formed after annealing was scraped off the FTO
glass slide. If the scraped film contains sulfur, it will be visible in the diffraction pattern of
this film. The most intense peaks of the crystalline phase of Bi2S3 are observed in the X-ray
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diffraction patterns of sample S2*, which indicates the formation of a film with the highest
concentration of Bi2S3 on it. Therefore, the film was scraped off the surface of this sample
and its diffraction pattern was recorded. This diffraction pattern is presented in Figure 3,
which shows eight peaks of different intensities at 2θ = 17.43, 24.98, 28.67, 31.85, 35.51, 39.92,
46.42, and 52.52◦ attributed to the orthorhombic phase of Bi2S3 (JCPDS: 17-320). However,
the diffraction pattern does not contain peaks that could be attributed to elemental sulfur.
Therefore, the annealing of the deposited films is an important part of the formation of
the crystalline Bi2S3 films on the FTO slide surface. Also, using the Scherrer formula, the
crystallite size of the scraped film was estimated to be 22.0 ± 2 nm. Thus, the obtained
X-ray diffraction data indicate that, after annealing, the orthorhombic phase Bi2S3 (JCPDS:
17-320) dominates in the film on the FTO slide of sample S2*. For example, the most intense
peaks of the diffraction patterns, such as 2θ = 26.66, 33.87, 37.91, 51.69, 61.74, and 65.72◦,
can be attributed to SnO2 (JCPDS: 46-1088), which is located on the surface of the FTO
glass slide.

 

Figure 3. XRD patterns of the Bi2S3 films obtained on the FTO slides before (S1, S2, S3) and after (S1*,
S2*, S3*) annealing, scraped film from sample S2* and the FTO glass slide. Peaks were identified and
assigned as follows: (•)—Bi2S3 (JCPDS: 17-320) orthorhombic bismuth(III) sulfide; (♦)—S8 (JCPDS:
83-2285) orthorhombic sulfur; (■)—tetragonal SnO2 (JCPDS: 46-1088).



Crystals 2025, 15, 515 7 of 14

3.3. SEM/EDX Characterization

The surface morphology and elemental composition of the Bi2S3 thin films formed on
the surface of the FTO slides were evaluated using scanning electron and energy dispersive
X-ray spectroscopy. The SEM images of these films before and after annealing as well
as the FTO slide without the film at different magnifications are shown in Figure 4. By
comparing the SEM image of the FTO slide and samples S1–S3, it can be clearly stated
that films were formed on the surface of the glass substrates. It is important to note that
the SEM images of samples S1–S3 show typical amorphous layers with irregularly shaped
particles and aggregates of different sizes, unevenly distributed over the entire surface
area. The insets show that the particle and aggregate sizes vary widely from 10 nm to 5 µm.
The surface morphology of the Bi2S3 films on the FTO slides changed dramatically after
their annealing. As can be seen from the SEM images of samples S1*–S3* in Figure 4, the
previously typical amorphous films were transformed into crystalline ones. The insets show
that, after annealing, uniform, densely packed films containing nearly spherical particles or
small grains of about 50 nm in size were formed on the surface of the FTO slides (Figure 4,
sample S1* and S3*). In addition, part of the surface of these films is covered with clusters
of agglomerates consisting of grains of irregular spherical shape. It is also clearly seen that
the highest concentration of these clusters is on the surface of sample S2*.

 
                                                                                               FTO 

 
S1 

 
S1* 

 
S2 S2* 

 
S3 

 
S3* 

 

Figure 4. Corresponding SEM surface images of the FTO slide and the Bi2S3 films on the FTO slides:
samples S1, S2, S3 before annealing and samples S1*, S2*, S3* after annealing. High-resolution images
of these films are shown in the corresponding insets.
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The presence of stratified Bi2S3 films on the FTO slides was confirmed by elemental
analysis using EDS. The analysis was conducted on the surface of the 50 × 45 µm FTO
slides with the Bi2S3 film, as well as at a film depth of several micrometers. As can be
seen from the results presented in Figure 5, in all the EDX spectra of the samples, the Bi
and S peaks are clearly visible next to the extra ones, such as Na, Si, Sn, O, and F, which
is due to the glass substrate or substrate holder used in the EDX instrument. There were
no sources of these elements in the chemicals used to form the Bi2S3 film. In a number of
studios, extra peaks of other elements were discarded and only the atomic percentages of
Bi and S were considered [14,32,44]. Therefore, in this work, it was also decided to estimate
only the atomic percentages of Bi and S. Based on these spectra and the elemental maps
of Bi and S, the following observations can be made. First, the elemental mapping of Bi
and S correlates, suggesting a uniform distribution of these elements on the surface of the
FTO slides, confirming the formation of the stratified Bi2S3 films. Second, the intensity of
the peaks in the EDX spectrum is directly proportional to the content of these elements.
Thus, the predominance of the Bi and S peaks at 2.4 eV and 2.15 eV, respectively, over
the peaks of other elements in samples S2, S2*, S3, and S3* directly indicates the highest
concentration of bismuth(III) sulfide in the films formed on them. Finally, as can be seen
from the inserts of the atomic percentages of bismuth and sulfur in the EDX spectra, in the
unannealed Bi2S3 films, the atomic ratios of Bi and S vary in the ranges of 20.28–32.47%
and 64.69–79.72%, respectively. This indicates an excess of sulfur in the films, and it is
likely that the stoichiometric Bi2S3 was not formed. Riahi et al. [45] and Sonawane and
Patil [44] reported that the atomic percentages of Bi of 40% and of S of 60% in the Bi2S3

films indicate the stoichiometric nature of these films. After annealing the films, the atomic
percentage of Bi in all samples increased to 28.09–40.31%, while the atomic percentage
of S decreased accordingly to 59.61–71.91%. Dachraoui et al. [46] formed stoichiometric
orthorhombic phase Bi2S3 (JCPDS: 17-320) with Bi and S in a percentage ratio of 39.61:60.39%
on glass microscopic specimens when thiourea was used as the sulfur precursor. The atomic
percentages of Bi and S, 40.31 and 59.61%, respectively, are very similar to those in sample
S2*, while the orthorhombic Bi2S3 (JCPDS: 17-320) phase in the film was confirmed by the
X-ray diffraction analysis. Based on these data, it can be stated that a stoichiometric Bi2S3

film was formed on the surface of sample S2* after its annealing.

Figure 5. Cont.
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Figure 5. Chemical element maps and representative EDX spectra of the FTO slides with the Bi2S3

films. Samples S1, S2, S3 before annealing and samples S1*, S2*, S3* after annealing. The measured
atomic percentages of Bi and S in the films are shown in the corresponding insets.

3.4. The Thickness of the Bi2S3 Films

It is well known that the film thickness applied to different materials can affect their
thermal, mechanical, electrical, and optical properties [47]. To assess the dependence of
the thickness of the films formed on the FTO slide substrate on the concentration of the
sulfur precursor and the annealing process, a cross-sectional analysis was performed. The
results of the analysis are presented in Figure 6, where it is evident that, with an increase in
the concentration of the sulfur precursor, the film thickness increases from 1.79 to 3.37 µm.
Meanwhile, after annealing, the thickness of all films decreased by ~10–12% from 1.62 to
2.96 µm. As already mentioned in reference [38], the Bi–L-cysteine complex decomposes at
180 ◦C and forms the agglomerated Bi2S3 particles. Therefore, it is most likely that, during
annealing, the Bi–L-cysteine complexes in the film decompose under the influence of a
temperature of 300 ◦C, forming a crystalline orthorhombic phase of Bi2S3. Along with this,
oxidation of elemental sulfur in the film by atmospheric oxygen and its removal from the
layer in the form of SO2 gas occurs. All this leads to a decrease in the volume of the film
and, as a consequence, to a decrease in its thickness. Other researchers have also noted a
decrease in the thickness of Bi2S3 films formed by the CBD method on a glass substrate
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using thioacetamide as a sulfur precursor after annealing them in air at 250 ◦C for 30 min
or in an Ar plasma [21] or under a helium gas flow [48].

 

Figure 6. Thicknesses of the Bi2S3 films on the FTO slides formed using different amounts of sulfur
precursor before (S1, S2, S3) and after (S1*, S2*, S3*) annealing.

3.5. UV–Vis Spectroscopy Analysis

The optical transmittance of materials is their ability to transmit light through them-
selves. Optical transmittance plays a particularly important role in thin semiconductor
films, since it directly affects the absorption coefficient and the band gap energy. The optical
transparency of semiconductor films near the absorption edge drops sharply due to band-
to-band transitions. The band gap (Eg) was calculated using Equation (2), which relates the
photon energy in crystalline semiconductors to the following absorption coefficient [49]:

(αhν) = B(hν − Eg)n (2)

where α is the absorption coefficient, B is a constant, coherent with absorption, hν is photon
energy (eV), and n can have values of 1/2, 2, 3/2, and 3 for allowed direct, allowed indirect,
forbidden direct, and forbidden indirect transitions, respectively.

Figures 7 and 8 show the typical diagrams used to calculate the band gap values for
samples S1–S3 and S1*–S3* before and after annealing, respectively. The band gap values
for the unheated S1–S3 samples were found to be 3.35–3.95 eV. No evidence has been found
in the literature that Bi2S3 thin films have such band values. As the XRD and SEM analyses
of these samples show, this is most likely due to the amorphous structure of these films
and their high crystalline sulfur content. However, after annealing the samples, it was
found that the band gap of the films decreased up to 1.25–1.8 eV. This agrees well with the
previously published values of the band gap for Bi2S3 films on glass substrate obtained
by CBD followed by sulfurization in N2 atmosphere at 250–400 ◦C [50]. According to the
XRD and SEM results, this sharp decrease in the band gap during annealing is attributed to
improved film homogeneity and stoichiometry as well as sulfur removal from the films.
According to Rincón et al. [51], the loss of sulfur during annealing favors the formation of
crystalline Bi2S3 phases. Summarizing the UV studies, it should be emphasized that the S2*
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sample has a bandgap width of 1.25 eV at room temperature, the value of which provides
the highest solar cell energy conversion efficiency according to the Shockley–Queisser limit
for a single junction solar cell [52].

 

Figure 7. Plot of (αhv)2 versus (hv) for determining the optical band gap of the FTO slides with the
Bi2S3 film before annealing.

 

Figure 8. Plot of (αhv)2 versus (hv) for determining the optical band gap of the FTO slides with the
Bi2S3 film after annealing.

4. Conclusions
Bismuth(III) sulfide films on FTO glass slides were prepared by the CBD method

using L-cysteine as the sulfur precursor. The influence of L-cysteine concentration and the
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annealing process of the Bi2S3 films on the FTO on the chemical, surface morphology, and
phase composition of these films was studied. The XRD data showed that the as-formed
films consisted of amorphous Bi2S3 and the crystalline phase of orthorhombic sulfur S8

(JCPDS: 83-2285). However, after annealing in these films, amorphous bismuth(III) sulfide
or complexes of bismuth with L-cysteine were transformed into the crystalline form of Bi2S3.
The EDX analysis showed that the atomic ratios of Bi and S on the surface of the S2* sample
(40.31 and 59.61%) were in good agreement with the results of the studies [44–46], which
confirmed the presence of the orthorhombic phase of Bi2S3 (JCPDS: 17-320) in this film. In
addition, the EDX analysis showed that the Bi2S3 films on other samples contained excessive
amounts of sulfur, which negatively affected the properties of these films. Therefore, it
is necessary to conduct detailed studies of Bi2S3 films in order to determine the effect of
annealing process conditions on the phase and elemental composition of these films. An
SEM analysis confirmed the XRD results and showed that the typical amorphous Bi2S3

films were transformed into crystalline ones after annealing, and the surface of the FTO
slides was partially covered by the formation of fine-grained agglomerates. The EDS
results showed that some of the sulfur was removed from the films during the annealing
process. The optical study of the Bi2S3 films revealed a huge influence of the annealing
procedure on the bandgap width of these films. Before annealing the bandgap width of
the samples was in the range of 3.35–3.95 eV, and after annealing it decreased more than
twice to 1.25–1.8 eV. The studies carried out confirmed beyond a doubt that annealing of
the samples is a prerequisite for the formation of crystalline Bi2S3 films on the surface of the
FTO substrate. Therefore, this operation is one of the main strategies for further research
in order to obtain films with a suitable band gap for use in the production of photovoltaic
materials.
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