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Abstract: Thin films of bismuth 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 Bi2S3 films by the CBD method. The synthesized Bi2S3 thin 

film on 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. X-ray diffraction analysis showed that initially, Bi2S3 films of 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. EDS studies confirmed that some of the sulfur not bound to bismuth during 

annealing was removed from the Bi2S3 films. The influence of the morphology of Bi2S3 films on their 

optical properties was confirmed by studies in the UV-visible range. 

Keywords: Bismuth sulfide film; CBD; 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. And solar energy is one 

of them. 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 sulfide (Bi2S3) thin films are of great interest as a 

component of solar cells due to their high efficiency of 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 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. Due to the optical and electro-optical properties 

of Bi2S3 films, they are widely used in optoelectronic and thermoelectric devices, such as such as 

photo-catalysts[2], hydrogen storage [3], optical-detection for infrared [4] and UV light [5], etc. 

Furthermore, Bi2S3 thin films can be used as efficient anode materials for lithium-ion batteries [6], as 

thermoelectric hydrogen [7] gas sensors [8]or memristors [9], and even for cancer diagnostics [10,11]. 

Bi2S3 thin films can be grown using physical processes, including spray pyrolysis [12], pulsed laser 

deposition [13], chemical vapor deposition [14], thermal evaporation [15], and etc. However, the 

above methods for forming Bi2S3 thin films have various disadvantages, such as requiring complex 

equipment, high temperature, ultrahigh vacuum environment, and high cost. While wet methods 

such as chemical bath deposition (CBD) and successive ion layer adsorption and reaction (SILAR) of 

chalcogenide films is very promising due to low deposition cost, ease of equipment use and large 

surface area deposition capability. During the formation of films by the CBD method, the substrate, 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2025 doi:10.20944/preprints202503.1233.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202503.1233.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 11 

 

all cationic and anionic precursors are present in the same reaction bath. This allows for the 

production of films in one step and the simultaneous control of film deposition. Therefore, in this 

work, the chemical bath deposition (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 morphologies of Bi2S3 nanostructures is also 

known, such as stars, balls, belts, ribbons, flowers, snowflakes, tubes, rods, and wires [16]. The 

microstructure of sulfide films is significantly affected by sulfur sources [17,18] and the metal-to-

sulfur ratio [18]. For the deposition of Bi2S3 thin films by the CBD method, thioacetamide, thiourea, 

and thiosulfate [19] are usually used as sulfur-releasing precursors. L-cysteine is a promising sulfur 

precursor, but it is significantly less studied than the precursors listed above. Bi2S3 nanoparticles of 

various shapes and sizes and their heterostructures were synthesized using L-cysteine as a sulfur 

precursor using two-step hydrothermal [20,21] or solvothermal [22] methods. Meanwhile, Bi2S3 layers 

were formed using L-cysteine by the electrodeposition method [23]. However, detailed studies on 

the preparation of Bi2S3 thin film by the inexpensive and technologically simple CBD method have 

not yet been published. Thus, the main objective of this study was to form Bi2S3 films by wet chemistry 

methods such as CBD, and to study in detail the crystallinity, morphological, and optical properties 

of these films. 

2. Materials and Methods 

2.1. Materials 

All materials were 99.99% pure, obtained from Sigma Aldrich and used as received. For the 

synthesis of Bi2S3 thin films, bismuth nitrate pentahydrate Bi(NO3)3 × 5H2O and L-cysteine were used 

as the precursors, while Ethylenediaminetetraacetic acid disodium salt (EDTA-Na2) was used as a 

chelating agent. The fixanals of 0.1 mol/L nitric acid (Fluka) and 0.025 mol/L EDTA-Na2 disodium 

salt solution (Chem-Lab) were also used to prepare solutions. Fluorine doped tin oxide (FTO) coated 

glass slides (by Merck) were used as substrates for the deposition of Bi2S3 films. 

2.2. Formation of 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 liter. The 

solution for forming Bi2S3 films was prepared by mixing 0.1 mol/L Bi(NO3)3 and 0.025 mol/L EDTA-

Na2 solutions, then raising the temperature of the resulting solution to 80 °C and adding L-cysteine 

powder while stirring. After 5 min, FTO was immersed in this solution and kept for 8 h. 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. 

The composition of the solutions used is tabled in Table 1. 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. FTO slides with Bi2S3 films were annealed at 300 °C for 20 min. 

The preparation of Bi2S3 films on FTO slides by the CBD method are shown in Figure 1. 

Table 1. Composition of solutions used in research for formation of Bi2S3 thin films on FTO glass slides. 

Sample 

No. 

Solution and cocentration, 

mol/L 
L-Cysteine 

Total 

volume of 

solution, 

mL 

Bi(NO3)3 × 5H2O EDTA-Na2- 

0.1 0.025 

Volume of solutions taken for 

the experiment, mL 
Weight, g 

Concentration, 

mol/L 

S1 25 30 1.0 0,15 55 
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S2 25 30 1.5 0.23 55 

S3 25 30 2.0 0.30 55 

Concentration of solutions used for the experiment, mol/L 

 0.0055 0.0014 – – 55 

 

 

 

Figure 1. Scheme of obtaining Bi2S3 films on FTO slides by the CBD method. 

2.3. Characterization Methods of Bi2S3 Films 

X-ray structural analysis of Bi2S3 films formed on 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: 

𝐷 =  
𝑘

𝑐𝑜𝑠𝛳
 (1) 

where, D is the average crystallite size, λ – X-ray wavelength (1.54178Å), k – 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 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 10000×, 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). UV–Vis spectra were recorded at room temperature on a 

PerkinElmer Lambda 35 UV/VIS Spectrometer (Waltham, Massachusetts, United States). 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. 

3. Results and Discussion 

3.1. XRD Characterization 

The structural characterization of the obtained Bi2S3 films on FTO slides was carried out using 

X-ray diffraction. XRD data of Bi2S3 films were interpreted in detail using combinations of data 

available in the literature [24,25] and JCPDS reference templates. The results of X-ray diffraction 

analysis are shown in Figures 2 and 3, and the corresponding peak values are tabled in Table 2. 

Although the surface of samples 1–3 was obviously changed after the formation of Bi2S3 films on 

them, the XRD patterns presented in Figure 2 do not show any peaks attributed to any bismuth 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 2  = 26.66, 33.87 and 51.69o, overlap with FTO peaks. Therefore, it is likely 

that the film formed on the FTO surface consists of the amorphous phase Bi2S3 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 
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been confirmed in our studies [26,27]. Therefore, in this work, we expected that 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 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°. Therefore, from the peaks of the diffraction patterns shown in 

Figures 2 and 3 and the data in Table 2, 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. 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. The most 

intense peaks of the crystalline phase of Bi2S3 are observed in the X-ray diffraction patterns of sample 

S2*, which indicates the formation of a layer with the highest concentration of Bi2S3 on it. To finally 

verify that the film on the FTO surface after annealing consists only of the crystalline phase Bi2S3, we 

scraped it off the surface of the glass slide and recorded its diffraction pattern. 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 52.52o attributed to the orthorhombic phase of Bi2S3 (JCPDS: 17-320). Also 

using the Scherrer formula, the crystallite size of the scraped film was estimated to be 22.06 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*. 

 

 

Figure 2. XRD patterns of Bi2S3 films obtained on FTO slides before annealing and FTO glass slide. 
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Table 2. XRD 2 peaks and their assignment of Bi2S3 films formed on FTO glass slides. 

XRD pattern 

name 

Symbol in Figures 2 and 3 – crystallographic phase (JCPDS file number): peak 

positions 2, degrees 

S1 (⧫) S8 (JCPDS: 83-2285) 25.02; 26.66; 33.87; 37.91; 51.69; 61.74; 65.72 

S2 (⧫) S8 (JCPDS: 83-2285) 25.01; 26.59; 28.63; 33.85; 37.81; 51.64; 61.74; 65.70 

S3 (⧫) S8 (JCPDS: 83-2285) 24.98, 26.61; 33.86; 37.89; 51.65; 61.72; 65.71 

FTO (■) SnO2 (JCPDS: 46-1088) 26.66; 33.87; 37.91; 51.69; 61.74; 65.72 

S1* 
(⧫) S8 (JCPDS: 83-2285) 26.66; 33.87; 37.91; 51.69; 61.74; 65.72 

() Bi2S3 (JCPDS: 17-320) 25.21; 33.83; 

S2* 
(⧫) S8 (JCPDS: 83-2285) 28.63; 31.89; 37.81; 51.58; 61.64; 65.60 

() Bi2S3 (JCPDS: 17-320) 17.69; 25.20; 28.75; 31.89; 52.56 

S3* 
(⧫) S8 (JCPDS: 83-2285) 26.57; 33.76; 37.82; 51.60; 61.67; 65.61 

() Bi2S3 (JCPDS: 17-320) 25.20 

Scraped film () Bi2S3 (JCPDS: 17-320) 17.43; 24.98; 28.67; 31.85; 35.51; 39.92; 46.42; 52.52 

3.2. 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. 

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 Bi2S3 films on FTO slides changed dramatically after their annealing. As 

can be seen from the SEM images of samples S1* – S3* in Figure 3, 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 3, 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*. 
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Figure 4. Corresponding SEM surface images of Bi2S3 films on FTO slides. High-resolution images of these films 

are shown in the corresponding insets. 

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 50×45 μm FTO slides with 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 signals attributed to 

FTO glass slides such as Na, Si, Sn, O and F. Based on these spectra and the elemental maps of Bi and 

S, the following observations can be made. First, elemental mapping of Bi and S correlates, suggesting 

a uniform distribution of these elements on the surface of the FTO slides and confirming the 

formation of stratified Bi2S3 films. Secondly, 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 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, the film 

most saturated with these elements is on the 2S* sample. In addition, the atomic percentage of 

bismuth after annealing in all samples increased, while the atomic percentage of sulfur decreased 

accordingly. Probably, during annealing, sulfur in the film that was not bound to bismuth was 

oxidized by atmospheric oxygen and removed from the films in the form of SO2 gas. In conclusion, it 

can be stated that the results of SEM/EDS and XRD complement and confirm each other and prove 

that the crystalline Bi2S3 films are formed on the FTO slide surface only after their annealing. 

 
                                                                                               FTO 

 
S1 

 
S1* 

 
S2 S2* 

 
S3 

 
S3* 
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Figure 5. Chemical element maps and representative EDX spectra of FTO slides with Bi2S3 films. The measured 

atomic percentages of Bi and S in the films are shown in the corresponding insets. 

3.3. UV–Vis Spectroscopy Analysis 

Optical absorption studies were conducted on samples S2 and S2*, since XRD, SEM and EDS 

studies showed that the best composition of the Bi2S3 film was obtained on them. As can be seen from 

the absorption curves shown in Figure 6, the maximum absorption of sample S2 is at 290 nm in the 

near-ultraviolet region and then sharply decreases to 400 nm in the visible region and remains at the 

same level.  

 

Figure 6. UV-Vis absorption spectra of the samples S2 and S2*. 

Meanwhile, the absorption of the annealed sample S2* is significantly higher than that of the 

sample S2, especially noticeable in the visible and infrared regions. Such a large difference in 

absorption can be explained by the strong influence of structural changes, when during annealing 

the amorphous structure of Bi2S3 transformed into a crystalline one. Based on optical studies of Bi2S3 
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films, it can be stated that annealing not only increases the light absorption intensity of these films, 

but also expands its limits throughout the visible light range. 

4. Conclusions 

Bismuth 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 annealing process of Bi2S3 

films on FTO on the chemical, surface morphology and phase composition of these films was studied. 

XRD data showed that the as-formed formed films consisted of amorphous Bi2S3 and crystalline phase 

of orthorhombic sulfur S8 (JCPDS: 83-2285). However, after annealing in these films, amorphous 

bismuth sulfide was transformed into the crystalline orthorhombic phase Bi2S3 (JCPDS: 17-320). 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. UV-Vis Spectroscopy analysis of 

Bi2S3 films showed that annealing expands the range of groupings of these films in the entire visible 

light region. The results of this study showed that the best composition of the Bi2S3 film was obtained 

by using 2 g of L-cysteine for its formation. 
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