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Abstract: Thermal vapor deposition was utilized in this study to create 400 nm-thick SnSe alloy thin films. Thermal treatments were applied to the films at temperatures ranging from room temperature to 300°C. Their optical, optoelectronic, and structural characteristics were thoroughly examined. To evaluate the films' quality and make sure they adhered to ASTM criteria, the structural features were examined using X-ray diffraction (XRD). We also looked at other structural factors such as crystallite size, interplanar spacing, and the full width at half maximum (FWHM) of diffraction peaks. The material's energy band gap was estimated via optical analysis and was discovered to vary depending on the annealing conditions, ranging from 1.4 eV to 2.12 eV. The I–V characteristics under illumination showed that annealing at 300°C resulted in a significant increase in the short circuit current density (Jsc) due to improved light absorption, but caused a decrease in the open circuit voltage (Voc), indicating the need to optimize the annealing conditions to achieve an optimal balance between Jsc and Voc to enhance the overall conversion efficiency.
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INTRODUCTION
Given their distinct physical and chemical properties, the Group IV–VI elements, particularly tin selenide (SnSe), are semiconductors. It is a promising material for electrical and optical applications. Due to its exceptional thermal and electrical properties, as well as its relatively low energy gap, SnSe can be used in a variety of applications such as sensors, thermoelectric generators, and solar cells [1], [2].
       The orthorhombic phase (α-SnSe), which is stable at ambient temperature and has a bandgap between 1.1 and 1.3 eV, is the most notable of the phases in which SnSe crystallizes. It is distinguished by its dominating p-type charge carrier behavior and excellent photon absorption (α = 10⁵ cm⁻¹). Because of this, it can be used in photodetector and solar cell applications. Furthermore, it is perfect for usage in thin films for optoelectronic devices due to its chemical stability and capacity to be deposited on both rigid and flexible substrates [3–5]. Numerous studies have shown that by varying the preparation methods, film thickness, element ratios, and heat treatment conditions, the optical and electrical behavior of SnSe materials can be modified, providing broad opportunities for their use in energy conversion and sensing systems. Tin selenide (SnSe) has two known stoichiometric phases: SnSe and SnSe₂. SnSe is a p-type semiconductor with a two-layer orthorhombic crystal structure. SnSe₂ is an n-type material with a hexagonal structure consisting of layers bonded by van der Waals forces [6], [7]. A study by Ahmed et al. (2021) looked at nanocrystalline (SnSe) thin films that were made by thermal vapor deposition and then annealed at 100, 150, and 200 °C. A polycrystalline orthorhombic structure with a preferential orientation along the (111) plane was shown by XRD data. With an increase in the post-deposition heating temperature, the nanocrystal size grew from 14.8 nm to 24.5 nm. A direct band gap that changed from 1.5 eV to 2.2 eV as the annealing temperature rose was discovered by optical analysis (UV-VIS). [8] Additionally, the investigation demonstrated that (SnSe) thin-films were applied using a spray method at substrate temperatures ranging from 250°C to 325°C. All of the produced films, according to XRD examination, have an orthorhombic crystal structure that is mostly orientated along the (111) plane. Within the energy range of 1.14 to 1.24 eV, a direct allowed band gap was found through analysis of the optical response. [9] Their adjustable electrical conductivity and high absorption coefficient (~10⁵ cm-2) make them appropriate for thin-film solar cell applications. [4], According to a study, annealing at 275°C can harm the crystal structure and reduce the cell's photovoltaic efficiency at higher temperatures [10]. SnSe thin films have been created using a variety of physical and chemical techniques with the goal of improving their structural, electrical, and optical qualities to satisfy the demands of various applications. The most well-known of these techniques include sputtering [16], chemical molecular beam deposition (CMBD) [4], chemical bath deposition (CBD) [14,15], vacuum evaporation [6,11–13], and spray pyrolysis [7, 9]. 
    The objective of this work is to create SnSe thin films from elemental sources by thermal evaporation and examine their optical, structural, and photoelectrical characteristics. XRD analysis will be used for structural characterization, while UV-Vis spectroscopy and illumination studies will evaluate optical and photo-response properties. The objective is to improve the films' suitability for use in optoelectronic devices by correlating their structural characteristics with their functional performance. Although previous studies have addressed various properties of SnSe thin films, the effect of annealing at high temperatures up to 300°C on the photovoltaic response under illumination remains an underexplored area. This study addresses this gap by systematically investigating the relationship between annealing conditions, compositional changes, and optoelectronic performance, to enhance the efficiency of SnSe-based optoelectronic devices.
 EXPERIMENTAL
The SnSe alloy was prepared from its high-purity elemental constituents (selenium and tin) with precise weights: Sn = 1.8015 g and Se = 1.1982 g. The measurements were carried out using a highly sensitive four-decimal-place electronic balance. The elements were mixed and placed into a heat-resistant quartz tube with a length of 30 cm. The tube was evacuated for half an hour to achieve a vacuum pressure of (2.2 ×10-2 mbar). It was then tightly sealed and placed in a furnace, where the temperature was raised to 900°C for one hour. The quartz tube was subsequently cooled using a slow cooling method to solidify the melt. The alloy was then extracted, as illustrated in Fig. 1, and then ground using a laboratory mill to obtain a homogeneous powder of the SnSe compound.
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FIGURE 1. The SnSe alloy
A thermal evaporation system was used to prepare SnSe films with a thickness of 400 nm under a vacuum pressure of 4.5 × 10⁻⁵ mbar. The films were deposited onto glass substrates and silicon wafers fixed on a sample holder at a distance of 18 cm from the molybdenum boat. The deposition rate was maintained at 1.160 nm/s at room temperature. The film thickness was verified using the gravimetric method, based on the deposited mass and substrate area. Post-deposition annealing was conducted at 300°C for a fixed duration of one hour in a programmable furnace, a period selected based on preliminary trials to ensure thermal stability without inducing structural degradation. The crystalline structure properties of the annealed films were then analyzed. Annealed and non-annealed SnSe films were studied using X-ray diffraction techniques with the (SHIMADZU Japan XRD 600-system). The analysis employed CuKα radiation (λ=1.5418) A˚ under operating conditions of 40 kV voltage and 20 mA current. (2θ) values were recorded over a range of 20∘to 80∘.The interplanar spacing (d) for the Miller indices (hkl) was calculated using Bragg's Law. [17,18]
				2d Sin(θ) = n λ                                                                       (1)
To calculate the crystalline size of the films, the Scherrer equation was employed, following the approach in [19,20].
				C.S = 0.94λ / β Cos(θ)                                                          (2)
In the formula, λ stands for the X-ray wavelength, β refers to the FWHM of the observed peaks, and θ is the Bragg diffraction angle. The dislocation density (δ) was calculated according to the methods outlined in [20,21].
				δ = 1 / (C.S)2       	 	                                   (3)
The optical band gap (Eg, in eV) was determined using the Tauc relation, while the absorption coefficient (α, in cm⁻¹) was derived from Lambert’s law [22,23].
				αhυ = B (hυ – Eg )n  				      (4)
				α=2.303 A/t 					      (5)
The optical absorbance spectra of the SnSe thin films were measured using a UV–Vis spectrophotometer (UV-Visible 1800 spectra-photometer) over the wavelength range of 300–1100 nm. Here, B is a constant related to the material, hν refers to photon energy, A stands for absorbance, and t indicates the sample thickness. The value of (r) determines the type of electronic transition 1/2 for direct allowed and 2 for indirect transitions [24].
RESULT AND DISCUSSION
Figure 2 presents the XRD patterns of (SnSe) thin films synthesized through thermal evaporation under vacuum conditions, before and after annealing at room temperature and 300°C for 60 minutes. Distinct diffraction peaks appeared at 2θ angles of 29.51°, 30.49°, and 37.76°, which are attributed to the (011), (111), and (311) crystallographic planes, respectively. These peaks match the standard ASTM card No. 32-1382, confirming that the films exhibit an orthorhombic crystal structure with no secondary phases.
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FIGURE 2. XRD patterns of the prepared SnSe thin films: (a) as-deposited at RT., (b) annealed at 300 °C.
Table 1 presents the structural parameters of the prepared thin films. Evaluation of diffraction peak width (FWHM) and crystallite size average (C.S) shows a clear improvement in crystallinity after annealing at 300°C. Specifically, the FWHM of the (111) peak decreased from 0.3552 to 0.225, while the crystallite size increased from 42.24 nm to 66.76 nm, indicating grain growth and enhanced atomic ordering. This is consistent with the research [8]
Despite shifts in some peak positions such as the disappearance of certain peaks and the emergence of new ones like (210) and (600), as seen in Fig. 2-b these changes are attributed to preferred orientation modifications rather than structural degradation.
Additionally, the dislocation density (δ) and number of crystallites (Nₒ) showed a significant decrease, confirming a reduction in structural defects and improved film quality after annealing. These results indicate that thermal annealing at 300°C enhances crystallinity, reduces defects, and induces changes in crystallographic orientation, in agreement with previous studies [9–11]. 
Table 1. Parameters of the XRD properties of SnSe thin films.
	SnSe
	(hkl)
	2Ɵ
	FWHM
	d (Å)
	C.S nm
	δ×1014 /m2
	No  x1015 /m2

	RT
	(011)
	29.51
	0.4353
	3.024
	34.39
	8.46
	9.84

	
	(111)
	30.494
	0.3552
	2.928
	42.24
	5.60
	5.31

	
	(311)
	37.76
	0.3953
	2.379
	38.70
	6.68
	6.89

	300
	(210)
	27.05
	0.3188
	3.293
	46.70
	4.59
	3.93

	
	(111)
	30.99
	0.225
	2.883
	66.77
	2.24
	1.34

	
	(600)
	47.66
	0.3745
	1.906
	42.26
	5.60
	5.30



 In order to evaluate the annealing-induced changes in the optical properties of SnSe thin films, the data presented in Fig. 3 were analyzed, the absorption spectrum of these films was measured before and after annealing at a temperature of 300°C, within the spectral range of 300–1100 nm. The films show high absorption at shorter wavelengths (300–500) nm which gradually decreases at longer wavelengths, indicating their potential use as a window layer in solar cells. The decrease in absorption at longer wavelengths is attributed to the fact that the photon energy becomes insufficient to excite electrons from the valence band to the conduction band, as it is lower than the energy bandgap [13]. Annealing significantly reduced the absorbance, particularly between (400–800) nm, which is attributed to improved structural order, reduced surface defects, and possible rearrangement of localized states within the bandgap [14].
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FIGURE 3. Absorption Spectrum verse wavelength Before and After Annealing
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FIGURE 4. Variation (αhν)2 versus (hν) of SnSe thin film Before and After Annealing.
The optical band gaps were determined based on the Tauc relation, as depicted in Fig. 4, which shows the (αhν)² versus hν plots before and after annealing at 300 °C. The data presented in Fig. 4 indicate that annealing led to a noticeable increase in the optical energy gap, rising from 1.4 eV to 2.12 eV. This increase in the energy gap values of the annealed films may be attributed to the fact that annealing improves the crystalline structure of the deposited films by eliminating defects and distortions in the crystal lattice, which in turn enhances the electronic properties and leads to an increase in the energy band-gap.
Figure 5-a illustrates the current–voltage characteristics of the p-SnSe/n-Si heterojunction dark conditions, both before and after annealing at 300 °C. Before annealing, a high reverse current is observed, which is attributed to the high density of defects and recombination centers that contribute to significant leakage current. After annealing, a noticeable reduction in reverse current and an increase in forward current are observed, indicating an improvement in junction quality and a reduction in defects. This is a positive outcome, as it enhances the junction characteristics and reduces energy losses caused by dark current [1],[4].
Figure 5-b shows the I–V characteristics under illumination conditions., annealing at 300°C results in a significant increase in the short-circuit current density (Jsc), due to improved light absorption and charge separation within the junction, which is considered a positive effect. However, a reduction in the open-circuit voltage (Voc) is observed, which is a negative indicator for cell performance. This may be attributed to increased charge carrier recombination or a reduction in built-in potential due to changes in the junction structure [2], [3]. Therefore, although the current is enhanced, the decrease in Voc may limit the overall improvement in power conversion efficiency, highlighting the need to optimize annealing conditions to achieve a better balance between Jsc and Voc [5].
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FIGURE 5. I-V characteristics of the heterojunction (p-SnSe / n-Si) before and after annealing (a) in the dark (b) under illumination.
CONCLUSION
This work involves the fabrication of SnSe thin films using thermal evaporation under vacuum, with a focus on examining how annealing at 300 °C influences their structural, optical, and optoelectronic characteristics. XRD results confirmed an orthorhombic structure with enhanced crystallinity and reduced defects after annealing, with the crystallite size increasing from 42.24 nm to 66.77 nm.  UV–Vis analysis showed an increase in the optical band gap from 1.4 eV to 2.12 eV and reduced absorbance at longer wavelengths, indicating improved film quality. Electrical measurements revealed improved p-SnSe/n-Si junction performance with increased short-circuit current (Jsc) and decreased reverse current, though the open-circuit voltage (Voc) slightly dropped. Overall, annealing improved film quality and performance, making SnSe films promising for photovoltaic applications. Future research should focus on improving annealing conditions to achieve a better balance between short-circuit current and open-circuit voltage.
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