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Thin films of SnS were deposited chemically, and they are annealed at four different 
temperatures: 100 °C, 150 °C, 200 °C, and 250 °C. X-ray diffraction, Raman analysis, 
UV-visible spectroscopy, field emission scanning electron microscopy, and energy 
dispersive spectroscopy were used to investigate the impact of annealing temperature on 
the structural, optical, morphological, and chemical properties of thin films. As the 
annealing temperature rose, it was seen from the XRD patterns that the crystallinity of SnS 
films improved. At 250 °C, the film was almost evaporated, and the XRD pattern showed 
no peaks at all. The lattice strain and crystallite size were computed from the Williamson-
Hall plots. The crystallite size increased and the lattice strain decreased with the increase 
in the annealing temperature. According to optical investigations, the samples' optical 
bandgap shrank as the annealing temperature rose. Morphological studies showed the 
formation of well-adhered films, and as the annealing temperature increased, the film 
became denser and more continuous with larger grains. The atomic weight percentage of 
sulphur decreased as the annealing temperature increased, according to the EDS analysis. 
Photovoltaic structures with the configuration ITO/SnS/CdS/Ag were fabricated. From the 
I-V characteristics, it was observed that the cell structure formed with SnS annealed at 200 
°C showed better cell performance. 
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1. Introduction 
 
Thin-film solar cells (TFSCs) are becoming more popular due to their flexibility, low cost, 

and ease of production. But compared to its crystalline counterparts, its efficiency has remained 
lower. As they are the least expensive choice, numerous research projects are carried out to 
increase the thin film solar cells' efficiency. SnS, a semiconductor from the IV-VI group, is a 
promising absorber layer for solar cells. It is an easy-to-use, non-toxic substance that is common 
on Earth. It also has a high absorption coefficient (~105 cm-1) and p type conductivity. For 
orthorhombic SnS, the direct and indirect band gaps are, respectively, 1.3-1.5 eV and 1.0-1.1 eV. 
Theoretical research by Loferski [6] and Abdul Kuddus et al. [7] has demonstrated that solar cells 
based on SnS have a maximum conversion efficiency of above 20%. All of these factors imply 
that SnS may be used as an absorber layer in thin-film solar cells. But the maximum reported 
efficiency for SnS-based solar cells is 4.6% [1]. There are many challenges on the way to 
improving conversion efficiency, like choosing the proper window layer, making good quality SnS 
layers, improving the output circuit voltage of the cell, and enhancing the light trapping within the 
cell [2]. The challenge of creating high-quality SnS must be resolved in order to create high-
efficiency SnS-based solar cells.  

SnS thin films have been deposited using a variety of techniques, such as vacuum 
evaporation. [3], [4], sputtering [5], [6], CVD [7], [8], electrodeposition [9], [10], pulsed-laser 
deposition [11], [12], spray pyrolysis [13], [14], SILAR [15], [16], and chemical bath deposition 
(CBD) [17], [18]. CBD is one of the most widely used synthesis routes for the creation of 
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inorganic metal chalcogenide and oxide semiconductor thin films due to its many advantages, 
including large area deposition, comparatively low-temperature processes, a lack of substrate use 
constraints, reproducibility, and most especially, low equipment cost [19]. 

Various scholars have claimed that the structural, optical, morphological, and chemical 
characteristics of the various constituent layers have an impact on the efficiency of thin film solar 
cells, especially the absorber layer [20]. T. Ben. Nasr et al. [21] suggested that the physical 
properties of the ZnS thin film can be modulated, and Melda Francis et al. [22] studied the effect 
of annealing on the structural and optical properties of the chemically prepared Cu2Se thin films. 
In this work, SnS thin films were prepared chemically and annealed at four different temperatures. 
The effect of annealing temperature on the properties of SnS thin film was investigated. SnS/CdS 
heterojunctions were fabricated, and the performance of the cells was also evaluated. 

 
 
2. Experimental methods 
 
2.1. Preparation of SnS thin films 
Stannous chloride (SnCl2.2H2O) and thioacetamide (CH3CSNH2) were utilised in this 

study as precursors for tin and sulphur, respectively. Triethanolamine N(CH2CH2OH)3 (TEA) and 
trisodium citrate Na3C6H5O7.2H2O (TSC) were used as complexing agents to slow down the 
reaction rate and prevent abrupt precipitation. The analytical grade compounds used in this 
investigation were all bought from Merck. First, 5 ml of 0.6 M trisodium citrate was mixed with 
0.3 M SnCl2.2H2O dissolved in glacial acetic acid. Next, 5 ml of TEA and 5 ml of 0.1 M 
thioacetamide were added. The pH of the bath solution was determined to be 10 after 4 ml of a 
0.91 Sp. Gr ammonia solution was added. Glass substrates that had been completely cleaned were 
submerged in the final solution after the requisite amount of ammonia had been added. The final 
solution had been brought to 100 ml by the addition of deionized water. The initially clear solution 
darkened gradually to yellow, then to chocolate brown. After six hours at room temperature, the 
SnS thin film with a dark brown colour was produced. The films were characterized after a half 
hour of annealing at 100 °C, 150 °C, 200 °C, and 250 °C 

 
2.2. Fabrication of SnS/CdS photovoltaic cell 
CdS thin films were prepared from a chemical bath containing 0.1 M cadmium acetate 

((CH3COO)2Cd.2H2O) as a cationic precursor, 0.3 M thiourea as an anionic precursor, 
triethanolamine (TEA) as a complexing agent, and ammonium hydroxide (NH4OH) as a buffer 
solution [23] . The prepared CdS thin films were yellow in colour and were homogeneous, smooth, 
and adherent to the substrate. The heterojunction was formed on a thoroughly cleaned ITO 
substrate. Firstly, the SnS thin film was coated and annealed as mentioned before, followed by the 
deposition of CdS. A thin silver contact was drawn above the heterojunction using silver paste. 
The I-V characteristics were studied using a Keithley source meter. 

  
 
3. Results and discussion 
 
Utilizing a Cu Kα source and the Bruker D8 Advance X-ray diffractometer, structural 

analyses of SnS thin films were carried out. Using a Horiba Labram HR Evo Raman spectrometer, 
Raman analysis was performed. The Intek UV- Vis spectrophotometer was used to optically 
characterize the annealed films. The 190 nm to 1190 nm wavelength range was used for the 
characterization. For UV radiation, deuterium was employed as the source, and tungsten for visible 
light. The films' morphology was examined using a FESEM (Field Emission Scanning Electron 
Microscope) (SUPRA 55 VP- 4132 CARL ZEISS). FESEM and energy dispersive spectroscopy 
(EDS) were both recorded to better understand the chemical composition.  

 
3.1 Structural properties 
The X-ray diffraction patterns of the SnS samples as prepared and those annealed at 100 

°C, 150 °C, 200 °C, and 250 °C are displayed in figure 1. In SnS thin films, an intense peak was 
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observed at a 2θ value of 31.6 ° which, corresponds to the diffraction from the (0 1 3) plane for the 
films as prepared and those that were annealed at 100 °C. But for those annealed at 150 °C and 
200 °C, the preferred orientation changes to the (1 1 0) plane related to the 2theta value of 30.5 °, 
while the other peaks determined at 26.9 °, 30.5 °, and 44.5 ° were indexed with the (0 1 2), (1 1 0) 
and (0 2 2) planes, respectively. All the peaks were indexed and compared with the standard ICDD 
data card of SnS (ICDD file no. 001-0984), and the crystal structure was found to be 
orthorhombic. The peaks become sharper and more intense on annealing, which shows a better 
crystallinity [24]. The samples annealed at 250 °C showed no peaks of SnS. This may be because 
the sulphur in the sample may have escaped at a temperature of 250 °C, causing the breaking of 
the stoichiometry of SnS. 

 

 
 

Fig. 1.  X-ray diffraction pattern of SnS thin films.  
 
 
3.1.1. Williamson–Hall method 
The broadening of the XRD peaks arises from the crystallite size and lattice strain. The 

full width at half the maximum of the peaks (β) gives the measure of broadening.  
 

𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                                                         (1) 
 

The FWHM due to crystallite size is given by the Scherrer equation, and that due to lattice 
strain by the microstrain equation. Substituting in equation (1), we get 
 

𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑘𝑘𝑘𝑘

𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
  + 4𝜀𝜀 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                                                               (2) 

 
where k is the shape constant whose value is taken as 0.9, λ is the wavelength of the x ray used 
which is 1.5406 Å, D is the crystallite size and θ is the Bragg angle and ε is the microstrain of the 
lattice. This equation can be rearranged to produce a straight-line equation.  
 

𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑘𝑘𝑘𝑘

𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
  + 4𝜀𝜀 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                                                              (3)   
 

                                   𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝜀𝜀 4𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + kλ
D 

                                                                (4) 
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The equation (4) is a straight-line equation with the form y = mx + c, where m and c are 
the slope and intercept, respectively. A straight line will be produced by plotting a graph with 
4sinθ on x-axis and βtotalcosθ on y-axis with microstrain (ε) as slope and kλ/D as intercept[30,31]. 
The intercept can be used to calculate the crystallite size if the values of k and λ are known. 

Figure 2 depicts the W-H plot of as-prepared and annealed samples at temperatures of 100 
°C, 150 °C, and 200 °C. The crystallite sizes were found to be 37 nm, 38.8 nm, 47.7 nm, and 48.8 
nm, respectively, for those as prepared and those with annealing temperatures of 100 °C, 150 °C, 
and 200 °C. The annealing helps to decrease the dislocations in the thin films and increases the 
crystallite size. The micro strain was determined to be 0.0043, 0.004, 0.0036, and 0.0035 for the as 
prepared and for annealing temperatures of 100 °C, 150 °C, and 200 °C, respectively. The 
reduction of the grain boundary, the elimination of deformation, and the removal of crystal defects 
could possibly be responsible for the increase in crystallite size, which indicates that the degree of 
perfection of the grains has increased. Thus, the reduction in the lattice imperfection reduces the 
strain in the lattice. 
 

 

 
 

Fig. 2. Williamson-Hall plots of SnS thin films annealed at different temperature. 
 

 
3.2. Raman analysis 
Figure 3 displays the Raman spectra of SnS thin films. Prominent peaks related to SnS 

phonon modes are clearly observed at 94 cm-1 (Ag), 162 cm-1 (B2g), and 220 cm-1 (Ag) in the 
spectra. The B2g mode represents the interaction through the interlayer b axis, whereas the Ag 
mode indicates the symmetric Sn-S bond stretching in the a-c plane. Among the Ag modes 
identified, the peak at 220 cm-1 was attributed to the longitudinal optical (LO) mode, while the 
peak at 93 cm-1 was assigned to the transverse optical (TO) mode. [27][28]. The spectra are 
comparable to those of the bulk crystal and concur with past studies on SnS thin films. These 
results suggest that a SnS thin film with good crystallinity has been synthesized on the glass 
substrate The intensity of Raman lines was found to be high and sharp for the films annealed at 
200 °C, which emphasizes improved crystallinity in these films and is consistent with the XRD 



319 
 
patterns in figure 1. It appears that the SnS peak shows the largest value when annealed at 200 °C. 
In contrast, the SnS peaks disappear at 250 °C or higher temperatures, while they have a 
considerable intensity at 200 °C and below. 

 

 
 

Fig. 3. Raman analysis of SnS thin films.  
 
 
3.3. Optical properties 
Figure 4 shows the absorption spectra (inset) and Tauc plot of SnS thin films for as 

prepared and annealed samples. The absorption spectra showed a red shift as the annealing 
temperature increased.  

 
 

 
 

Fig. 4.  Absorption spectra (inset) and Tauc plots of SnS films as prepared and annealed at different 
temperatures. 

 
 
The tauc relation connecting bandgap energy and absorption coefficient (α) is given 

below.  
αhυ = A (hυ- Eg) n                         (5) 
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where, A is denotes a constant, hυ denotes photon energy, Eg denotes allowed energy gap, and n = 
½ for allowed direct transition. For a direct bandgap semiconductor, tauc plot is drawn with hυ on 
x axis and (αhυ)2 on the y axis. The presence of the linear portion in the curve indicates the 
presence of a direct optical transition in the material. The energy band gap can be determined by 
extrapolating the straight portion of the plot to the energy axis. The band gaps of SnS thin films 
were 1.52 eV, 1.41 eV, 1.19 eV and 1.12 eV corresponding to the as prepared and those annealed 
at 100 °C, 150 °C, and 200 °C, respectively. The energy gap increases with a decrease in the 
annealing temperature. The presence of grain boundaries in polycrystalline structures, which 
produce free carrier concentrations and the presence of potentials in the boundaries, may be the 
cause of the expanding energy gap. As a result, an electric field was created, which caused the 
band gap to widen.  The film annealed at 200 °C has a band gap of 1.12 eV, which is appropriate 
for an absorber layer for effective light absorption.   
 

3.4. Morphological studies 
The FESEM images of the SnS films are shown in Figure 4. The morphology of SnS films 

(figure 5(a)-(d) revealed that as-deposited layers contain a lot of smaller needle-shaped grains, and 
as the annealing temperature rises, the grain size increases at the expense of the smaller crystals. 
The films exhibit considerable growth in three dimensions. These SEM photos clearly show that 
annealing causes grain development to switch from a needle-like to a plate-like structure. At 200 
°C, the grains achieve their stable position with improved crystallinity. The reduction of grain 
boundaries is related to the improvement in crystallinity and grain size at higher temperatures. The 
films that have been annealed at 200 °C are uniform, smooth, and have a dense surface structure 
with larger grains than the films that were initially deposited. 

 
 

 

 
 

Fig. 5.  Field emission scanning electron microscopy (FESEM) images of SnS.  
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3.5. Chemical studies 
The EDS spectra of SnS thin films at various annealing temperatures are shown in Figure 

6(a)–(d), demonstrating the presence of Sn and S peaks. The substrates employed give rise to the 
other unlabeled peaks. The spectra contained no further contamination peaks. The Sn/S atomic 
ratios found were higher than the predicted stoichiometric ratio of unity, indicating that the 
sample's surface was metal rich. As the annealing temperature increases, the atomic weight 
percentage of sulphur decreases. This is because the sulphur may have escaped from the sample 
with the increase in temperature. 

 
 

 

 
 

Fig. 6. EDAX images of SnS thin films annealed at different temperatures. 
 

 
3.6. I-V Characterization 
In the end, a SnS-based solar cell was created using ITO (Indium Tin Oxide) sold 

commercially as the back contact, CdS as the n-type semiconductor, SnS as the p-type 
semiconductor, and silver as the front contact (ITO/SnS/CdS/Ag). When the as-prepared SnS films 
were used as a p-type layer, their efficiency was 0.12 × 10-3 % and the photocurrent was in the 
order of 10-4 mA, which was very low. Then SnS film annealed at 200 °C was selected as the p-
type material because it demonstrated the best crystallinity among the annealed films. Figure 7 
displays the I-V Characterization for the aforementioned combination. The open circuit voltage 
(Voc), short circuit current (Isc), maximum power and current, fill factor, and efficiency are shown 
in the table that is displayed as an inset in the picture. A 0.015% efficiency was achieved. This is 
far better than the configuration made out of as-prepared SnS film. Still, the efficiency has to be 
improved.The insufficient CBO (Conduction Band Offset), carrier recombination, high resistivity 
of SnS thin film, sulphur vacancies, low thickness, etc. may all contribute to the poor 
performance[2], [29]. Another reason may be due to the loss of photons, which can be enhanced 
using anti-reflective coatings at the front and reflective coatings at the rear end of the 
configuration.  
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Fig. 7. I-V characteristics of SnS/CdS photovoltaic cell. 
 

 
4. Conclusion 
 
The chemically created SnS thin films were subjected to various annealing temperatures. 

The ideal annealing temperature for SnS was determined to be 200 °C. No peaks were visible in 
the films' annealed at 250 °C XRD or Raman spectra. The structural, morphological, optical, and 
chemical characterization demonstrated that variations in the annealing temperature led to 
modifications in the thin film properties. The films' crystallite size grew as the annealing 
temperature rose, according to structural analyses. It was discovered that when the annealing 
solution's temperature rose, the optical band gap shrank. With annealing, morphological tests 
revealed that the film became denser and the needle-shaped morphology changed to a plate-shaped 
one, increasing the grain size. The atomic weight of sulphur dropped as the annealing temperature 
rose, according to EDS spectra. ITO/SnS/CdS/Ag configuration were employed in the construction 
of photovoltaic cells, and a thin SnS film that had been annealed at 200 °C served as the absorber 
layer. The efficiency of the solar cell was found to be impacted by the annealing of the film. An 
increase in efficiency was seen by annealing the SnS thin film. This technique is an inexpensive 
way to produce SnS thin films for the absorber layer of solar cells. 
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