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ABSTRACT. Tin oxide (SnO/SnO₂) thin films with a thickness of about 400 ±2𝑛𝑚 were fabricated on glass substrates using 

physical vapor deposition (PVD). To assess the effect of thermal treatment, the deposited films were subsequently annealed at 200 

°C and 300 °C. X-ray diffraction (XRD) measurements revealed the simultaneous presence of tetragonal SnO and orthorhombic 

SnO₂ phases in all specimens. After annealing, the diffraction peaks became more intense and narrower, reflecting enhanced 

crystallinity and grain development. Atomic force microscopy (AFM) showed a marked reduction in root-mean-square (RMS) 

surface decrease after anealing, accompanied by an increase in mean grain size from (49 – 62) nm. UV–visible spectroscopy 

indicated high optical transparency (>75%) throughout the visible spectrum. The optical constants (refractive index, absorption 

index and extinction index) were calculated. The optical band gap chang after annealing.  
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INTRODUCTION 

Tin oxide compounds (SnO, SnO₂, and Sn₃O₄) represent a highly adaptable family of metal-oxide semiconductors 

distinguished by their adjustable structural, optical, and electronic properties. These materials have attracted 

considerable attention for use in thin-film transistors, transparent electrodes, gas-detection systems, and a variety of 

photovoltaic and optoelectronic technologies. Compared with many other wide-bandgap oxides [1][2]. Advances in 

deposition strategies, post-deposition annealing, and dopant engineering have proven critical in tailoring the 

microstructure and functional behavior of tin-oxide layers. For instance, UV/O₃-assisted sol–gel methods at low 

processing temperatures can produce mixed-phase SnO₂ films with enhanced field-effect mobility and improved thin-

film transistor characteristics, thus enabling flexible electronic devices [1]. Beyond transistors and solar cells, the 

sensing performance of SnO₂-based systems has been significantly advanced: La₂O₃/SnO₂ thick films decorated with 

platinum nanoparticles exhibit heightened CO₂ sensitivity at reduced operating temperatures, emphasizing the impact 

of surface modification and noble-metal incorporation [3], while Si/SnOx heterostructures reveal how oxygen 

stoichiometry affects bandgap tuning and current–voltage behavior, a key aspect for future photodetectors and 

photovoltaic devices [4]. Progress has also been made in optimizing contact and interfacial layers; for example, 

controlled Gd doping in AgSnO₂ contact materials increases both electrical conductivity and mechanical stability [5]. 

Other reports demonstrate that applying an atomic-layer-deposited Al₂O₃ capping layer to p-channel SnO thin-film 

transistors reduces oxygen vacancies and boosts hole mobility, leading to improved performance and stability [6]. In 

parallel, advanced plasma treatments have been shown to refine the electrical properties of n-type SnO₂ thin-film 

transistors [7]. Against this backdrop, the present research focuses on the fabrication and systematic characterization 

of SnO and SnO₂ thin films, especially the effect of annealing temperature on their structural, morphological, and 

optical behavior.  

EXPEREMINTAL 

Tin oxide thin films with an average thickness of about 400±20 nm were deposited onto pre-cleaned glass 

substrates by thermal evaporation under high-vacuum conditions. The deposition was carried out at pressures 

between 2 × 10⁻⁵ and 9 × 10⁻⁵ bar, with an applied voltage of 60 V and a substrate temperature of 450 °C. A deposition 
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time of approximately 10 minutes and 56 seconds ensured uniform, well-adherent layers on the glass. Following 

deposition, the samples were oxidized at 300 °C for one hour while oxygen was continuously introduced until the 

substrates cooled to room temperature, stabilizing the oxide phase. Post-oxidation annealing was then performed at 

200 °C and 300 °C for one hour each to investigate the influence of thermal treatment on the structural and optical 

characteristics of the films. The crystal structure of the SnO/SnO₂ films was examined using X-ray diffraction (XRD) 

with Cu-Kα radiation (λ = 1.5406 Å). Scans were taken over the 10°–60° (2θ) range to identify the primary reflections 

of the SnO and SnO₂ phases. The resulting patterns were analyzed to determine phase composition, degree of 

crystallinity, crystallite size, and lattice strain using the Scherrer equation. Surface morphology was evaluated by 

atomic force microscopy (AFM) in tapping mode, providing quantitative measurements of root-mean-square 

roughness, grain size distribution, and surface uniformity before and after annealing. Optical properties were 

measured with UV–visible spectroscopy over the 200–1100 nm spectral range. Transmittance data were used to 

calculate the absorption coefficient, and the optical band gap (Eg) was estimated from Tauc plots by extrapolating 

the linear region of the (αhν)² versus hν curves to the energy axis. This combined approach of thermal evaporation, 

controlled oxidation, post-annealing, and multi-technique characterization enabled a thorough assessment of how 

annealing temperature affects the crystallinity, morphology, and optical behavior of SnO/SnO₂ thin films. 

RESULTS AND DISCUSSION 

Structural Properties (XRD) 

The XRD patterns confirmed the coexistence of tetragonal SnO and orthorhombic SnO₂. In unannealed samples, 

peaks were broad, indicating poor crystallinity. Upon annealing at 300 °C, sharper peaks corresponding to SnO₂ 

appeared, signifying improved crystallinity and phase stabilization. Crystallite size also increased with temperature, 

consistent with grain growth. 
a    b 
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FIGURE 1. XRD pattran of SnOx thin films. 

 

The crystallite size of the thin films was determined by using Scherrer equation [8-11]: 

Cs =  
0.94𝜆

𝛽 𝑐𝑜𝑠Ɵ
(1)                                                                                    

The dislocation density (δ), microstrain (ε), and number of crystallites per unit area (N₀) were calculated according to 

the following relationships [12–18]. 



δ =  
1

𝐶𝑠2
(2)                                                                                  

ɛ =
𝛽 𝑐𝑜𝑠Ɵ

4
(3)                                                                                   

 𝑁0 =
𝑡

𝐶𝑠3
(4)                                                                                                   

Where t is the film thickness. 

TABLE 1: Standard XRD data of SnO and SnO₂ thin films before and after annealing at 200 °C and 300 °C. 

 

TABLE 2: Crystallite size, lattice strain, and dislocation density values calculated from XRD analysis of SnO/SnO₂ thin films. 

 

Surface Morphology (AFM) 

     AFM analysis revealed that unannealed samples exhibited rough surfaces with RMS roughness of 9.77 nm. After 

annealing, roughness decreased to 6.33 nm (200 °C) and 5.39 nm (300 °C), while the mean grain diameter increased 

from ~49 nm (RT) to ~62 nm (300 °C). These changes confirm that annealing promotes smoother, denser, and more 

uniform films. This dual effect of smoother surfaces and larger grains demonstrates the role of annealing in promoting 

surface diffusion, densification, and microstructural uniformity. 

TABLE 3. Root-mean-square roughness and mean grain size of SnO/SnO₂ thin films as a function of annealing temp. 

 



 
FIGURE 2a,b,c,d,e,f. (AFM) images of SnO/SnO₂ thin films before and after annealing at 200 °C and 300 °C. 

Optical Properties (UV-Vis) 

     UV-Vis spectra revealed high transparency (>75%) across the visible region. The absorption edge shifted towards 

shorter wavelengths with annealing. Tauc plot analysis showed that the optical band gap increased from 2.8 eV 

(unannealed) to 2.9 eV after annealing at 200 °C and remained around 2.8 eV after annealing at 300 °C. 

 

 
FIGURE 3a,b. Variation of the optical transmittance and absorption spectra of SnO/SnO₂ thin films under different 

annealing temperatures. 
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FIGURE 4. Variation of refractive index (n) with wavelength (nm) for thin films. 

 

The refractive index n) an optical constant( is calculated using equation(5) [19]. 

𝑛 =
1+ √𝑅

1− √𝑅
(5)                                                                              

Where R is the reflectance, calculated using the equation: [19, 20] 

R +  T +  A =  1 (6) 

Figure 5 shows the change in (𝛼) for tin oxide (SnOx)films which is calculated from relatioshap (5) [19-22]   

α =  
2.303𝐴

𝑡
(7)                                                                                                
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FIGURE 5 a,b. Variation of absorption coefficient (α) and extinction coefficient (k) with photon energy (hν) for thin films. 

 

Figure 5 shows the extinction coefficient (k) for tin oxide films which is calculated from Eq. (8) [19,20]. 

𝐾 =
𝛼𝜆

4𝜋
(8)                                                                                                

We note from the fig.5 that the extinction coefficient behaves similarly to the absorption coefficient because it 

depends on the absorption coefficient and the wavelength and depends primarily on the absorption coefficient, and 

this is consistent with research[ 20]. 

Using Tauc's equation (9) [19, 23], the energy gap (Eg.opt) for tin oxide films was calculated. 
αhv =  (hv − Eg)𝑛 (9) 



where n = 0.5. The linear portion of the (αhν)² versus photon energy (hν) plot was extrapolated to the hν axis, and the 

point of intersection was taken as the optical band gap. The obtained energy gap ranged from 2.6 to 3.2 eV, as 

illustrated in Figure 6. These findings are in good agreement with those reported in reference [24]. 

 

 
FIGURE 6 .  Energy  band gap for SnO/SnO₂ thin films. 

TABLE 4. Optical factors (Eg.opt, α, n, k, ) for of SnO/SnO₂ thin films as a function of annealing temperature. 

Temp.ennealing(℃) A% α(cm¹־) Eg (eV) n k 

300(R.T) 44.78 3.6378 2.6 2.159 0.144 

200 38.35 2.208 2.9 2.6398 0.0878 

300 41.51 2.360 2.8 2.6209 0.0951 

From table 4 shows optical analysis (UV–Vis) indicates >50% Absortion  in the visible region, with a band gap shift 

from 2.8 to 2.9 eV, stabilizing after higher annealing. This trend suggests that annealing primarily reduces defects 

and stabilizes the film rather than causing further widening of the band gap beyond 200 °C. 

CONCLUSIONS 

     This study has clearly demonstrated that annealing plays a decisive role in tailoring the physical properties of 

SnO/SnO₂ thin films. The experimental results confirmed that thermal treatment at 200 °C and 300 °C leads to 

significant improvements in physical properties of the films. From XRD analysis revealed that the films transitioned 

from poorly crystalline states in the as-deposited condition to more stable and well-defined phases upon annealing. 

The diffraction peaks became sharper and more intense with increasing annealing temperature, indicating enhanced 

crystallinity, grain growth, and phase stabilization. This structural evolution highlights the ability of thermal activation 

to reduce lattice strain and minimize defect density, both of which are crucial for device-grade films. The surface 

morphology, studied by AFM, further supported these findings. Unannealed films exhibited high roughness values 

and relatively small grain sizes, typical of rapid vapor condensation processes. Upon annealing, the RMS roughness 

decreased markedly from ~9.7 nm to ~6.3 nm (200 °C) and ~5.4 nm (300 °C), while the mean grain diameter increased 

from ~49 nm to over 62 nm. This dual effect of smoother surfaces and larger grains demonstrates the role of annealing 

in promoting surface diffusion, densification, and microstructural uniformity. In terms of optical behavior, UV-Vis 

spectroscopy revealed that the films were highly transparent (>75%) across the visible spectrum, with a slight blue 

shift in the absorption edge. The optical band gap increased from 2.8 eV (unannealed) to 2.9 eV after annealing at 200 

°C, and remained around 2.8 eV after annealing at 300 °C. The improvements in crystallinity, morphology, and optical 

properties directly translate into enhanced potential for applications in transparent electrodes, optoelectronic devices, 



and gas sensors. Moreover, the systematic trends observed at 200 °C and 300 °C provide a clear foundation for future 

optimization of tin oxide thin films for advanced device applications.   
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