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Abstract: Iron-doped tin sulfide (SnS:Fe) nanostructured thin films with doping concentrations of 1 and 3 wt% were 
successfully synthesized using the spray pyrolysis technique (SPT). X-ray diffraction analysis confirmed the 
formation of polycrystalline films with an orthorhombic crystal structure and a preferred orientation along the 
(106) plane. The incorporation of Fe enhanced the crystallinity of the films, as evidenced by an increase in
crystallite size from 13.56 nm for the undoped sample to 22.78 nm for the 3% Fe-doped film, accompanied
by a reduction in dislocation density and microstrain. Atomic force microscopy (AFM) analysis demonstrated
that Fe doping significantly improved the surface morphology of the films, resulting in a more homogeneous
surface structure. This improvement was evidenced by a reduction in the average particle size from 87.6 nm
to 41.1 nm, accompanied by a decrease in surface roughness. Optical studies showed a decrease in the energy
bandgap from 1.72 eV to 1.60 eV with increasing Fe content. Gas sensing measurements toward NO₂ at 110
°C indicated that undoped SnS films exhibited the highest sensitivity, while Fe doping reduced performance.

1 INTRODUCTION 

Group IV-VI semiconductors are known for their 
good optoelectronic properties and reduced optical 
band gaps [1], [2]. SnS has a high absorption 
coefficient (α > 104 cm⁻¹) in the visible spectrum [3]. 
It is less harmful than metal compounds like lead and 
cadmium [4]-[6]. The components that make up SnS 
are inexpensive and readily available, and it is 
chemically stable [7], [8]. The SnS layer structure is 
orthogonal [9]. The indirect Eg of single-crystal SnS 
thin films is 1.1 eV, while polycrystalline SnS thin 
films have a direct energy gap of 1.27–1.5 eV [10]. 
Tin sulfide has some favourable physical properties 
that enable its application in solar cells [11], 
photovoltaics [12], photoconductors [13], and 
photocatalysis [14], among others. Some methods for 
preparing SnS films include sputtering [15], vacuum 
evaporation [16], co-evaporation [17], CBD [18], 

physical vapor deposition [19], SPT [20], and 
PLD [21]. Because of its potential, user-friendliness, 
low initial cost, and the ability to deposit a uniform 
film over large areas with strict control of 
composition and thickness, SPT has received much 
attention [22]-[24]. Iron doping has also emerged as 
an effective treatment for modifying the inherent 
physical properties of semiconductor thin films [25]. 
The incorporation of Fe ions into the SnS crystal 
lattice can significantly affect the structural 
characteristics of the films, including crystallinity, 
grain size, and defect concentration [26]. Moreover, 
Fe incorporation may introduce localized electronic 
states within the band gap, thereby modifying the 
electronic structure and influencing the optical and 
electrical properties of the material [27]-[29]. We set 
up this study to investigate how the inclusion of iron 
affects the structural, optical, and sensing properties 
of SnS thin films. 
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2 EXPERIMENTAL 

SnS thin films are manufactured using the CSP 
procedure. The solution was prepared by dissolving 
0.1 M CuCl₂ · 6H₂O and thiourea (NH2CSNH2) in 
100 mL of redistilled water. The doping agent used 
was 0.1 M FeCl at 1% and 3% with a base 
temperature of 400ºC. For the deposition, the 
following conditions were selected: a spraying rate of 
0.15 ml/spray, a spacing of 29 cm between the base 
of the spraying and the sprayer, a spraying time of up 
to 8 seconds, an interval of 1.30 minutes between two 
sprays, and a carrier gas (filtered compressed air) 
measured at a pressure of 105 Pa; thickness was read 
using gravimetric and was determined to be 300 nm. 
Transmittance was measured by a UV-Visible 
spectrophotometer. The alterations in structural 
properties were examined using XRD. Gas sensitivity 
in this study was typically evaluated in a cylindrical 
chamber with a 7.5 cm radius and 15 cm height. 

3 RESULTS AND DISCUSSION 

The X-ray diffraction (XRD) patterns of pure and Fe-
doped SnS thin films are presented in Figure 1. Four 
dominant diffraction peaks were observed, 
corresponding to the (008), (106), (110), and (118) 
crystallographic planes. Among them, the (106) 
reflection exhibited the highest intensity, indicating 
that this plane represents the preferred growth 
orientation of the SnS films. The diffraction peaks are 
in good agreement with ICDD card No. 39-0354, 
confirming the successful formation of 
polycrystalline SnS thin films with an orthorhombic 
crystal structure. 

The structural parameters derived from the XRD 
data are summarized in Table 1. As the Fe 
concentration increased from 0 to 3%, the full width 
at half maximum (FWHM) gradually decreased, 
indicating improved crystallinity of the deposited 
films. This reduction in peak broadening was 
accompanied by an increase in crystallite size from 
13.56 to 22.78 nm, suggesting that Fe incorporation 
promotes grain growth and enhances the structural 
ordering of the SnS lattice [30]. A corresponding 
decrease in dislocation density was also observed, 

with values decreasing from 64.61 × 10¹⁴ to 50.60 × 
10¹⁴ lines/m², indicating a reduction in crystal defects 
and further confirming the improvement in crystalline 
quality resulting from Fe doping [31]. Similarly, the 
microstrain decreased from 29.39 × 10⁻⁴ to 25.65 × 
10⁻⁴ as the Fe concentration increased, reflecting 
reduced lattice distortion and improved atomic 
ordering within the crystal structure [32]. The 
combined changes in crystallite size, dislocation 
density, and microstrain demonstrate that Fe 
incorporation significantly enhances the structural 
quality of SnS thin films. The corresponding 
structural parameters are listed in Table 1, while 
Figure 2 illustrates the variation of FWHM, crystallite 
size, dislocation density, and microstrain with Fe 
concentration. 

Figure 3 presents the atomic force microscopy 
(AFM) images of pure and Fe-doped SnS 
nanostructured thin films. The surface morphology 
reveals a uniform distribution of densely packed 
grains without visible cracks or voids, indicating the 
formation of high-quality films. Increasing the Fe 
concentration resulted in a gradual reduction in the 
average particle size from 87.6 nm for the undoped 
film to 61.3 nm and 41.1 nm for the films containing 
1% and 3% Fe, respectively. This behavior suggests 
that Fe doping suppresses grain growth and promotes 
the formation of finer nanostructures. The surface 
roughness also decreased with increasing Fe content. 
The average roughness (Ra) decreased from 9.67 nm 
to 4.25 nm, while the root-mean-square (RMS) 
roughness decreased from 8.91 nm to 5.14 nm. These 
AFM parameters, summarized in Table 2, indicate 
that Fe incorporation produces smoother and more 
uniform film surfaces. The observed reduction in 
particle size and surface roughness can be attributed 
to changes in the nucleation and surface diffusion 
processes during thin-film growth [33], [34]. 

Figure 4 shows the optical transmittance spectra 
of the pure and Fe-doped SnS thin films. The 
transmittance in the visible region ranges from 80.6% 
to 85.5%, indicating good optical transparency. In 
addition, the transmittance increases toward longer 
wavelengths, suggesting reduced optical absorption 
in the near-infrared region [35], [36]. This behavior 
demonstrates that Fe-doped SnS thin films possess 
favorable optical properties for potential 
optoelectronic applications. 
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Figure 1: X-ray diffraction (XRD) patterns of pure and Fe-doped SnS thin films.  

 
Figure 2: Variation of the structural parameters of pure and Fe-doped SnS thin films: a) full width at half maximum (FWHM), 
b) crystallite size (D), c) dislocation density (δ), and d) microstrain (ε). 

Table 1: D, Eg, and structural coefficient of the SnS and SnS: Fe film.  

Specimen (hkl) Plane 2 q(o) FWHM(o) Eg (eV) D (nm) δ × 1014 (lines/m2) ε × 10-4 
Undoped SnS 106 34.28 0.62 1.72 13.56 64.61 29.39 
SnS: 2% Fe 106 34.25 0.57 1.65 18.78 57.31 27.63 
SnS: 4% Fe 106 34.21 0.52 1.60 22.78 50.60 25.65 
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Figure 3: Atomic force microscopy (AFM) surface images of pure and Fe-doped SnS thin films. 

Table 2: PAFM of the deposit films. 

Figure 5 shows the optical absorbance spectra of 
pure and Fe-doped SnS thin films. The absorbance 
increases with increasing Fe concentration, with the 
2% and 4% Fe-doped films exhibiting higher 
absorbance than the undoped SnS film. This 
enhancement can be attributed to the increased Fe 
content, which promotes stronger optical absorption 
within the films [38], [39]. 

Figure 6 presents the absorption coefficient 
spectra of the pure and Fe-doped SnS thin films. The 
absorption coefficient increases with increasing Fe 
concentration, indicating enhanced optical absorption 
after Fe incorporation. A pronounced increase is 
observed near the absorption edge, followed by a 
gradual decrease at higher photon energies. The high 
absorption coefficient values suggest efficient photon 
absorption and direct electronic transitions within the 
films. The enhancement in optical absorption with 
increasing Fe content is attributed to defect-state 

formation and doping-induced modifications of the 
electronic structure [42], [43]. 
 

 
Figure 4: Optical transmittance spectra of pure and Fe-
doped SnS thin films. 

The optical band gap values obtained from the 
absorption spectra are presented in Figure 7. The band 
gap gradually decreases from 1.72 eV for the undoped 
SnS film to 1.60 eV for the film with the highest Fe 
concentration. This reduction is attributed to the 
formation of Fe-induced defect states within the 

Samples Pav nm Ra (nm) RMS (nm) 
Undoped SnS 87.6 9.67 8.91 
SnS: 2% Fe 61.3 8.68 5.72 
SnS: 4% Fe 41.1 4.25 5.14 
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forbidden energy gap, which introduce additional 
electronic levels between the valence and conduction 
bands. Furthermore, the increased structural disorder 
associated with Fe incorporation contributes to the 
observed band-gap narrowing [44]–[46]. 

 
Figure 5: Absorption of SnS pure and SnS: Fe film. 

 
Figure 6: Absorption coefficient spectra of pure and Fe-
doped SnS thin films. 

Figure 8 shows the extinction coefficient spectra 
of the pure and Fe-doped SnS thin films. The 
extinction coefficient increases rapidly in the 
ultraviolet region and then gradually decreases with 
increasing wavelength. The non-zero extinction 
coefficient below the fundamental absorption edge 
indicates that part of the optical absorption originates 
from structural defects and impurity states introduced 
into the films [47], [48]. 

The wavelength dependence of the refractive 
index is presented in Figure 9. The refractive index 
decreases with increasing Fe concentration over the 
investigated spectral range. This behavior can be 
attributed to changes in the electronic polarizability 
and structural modifications induced by Fe 
incorporation, which alter the optical response of the 
SnS thin films [49]–[57]. 

 

 
Figure 7: Optical band-gap plots of pure and Fe-doped SnS 
thin films. 

 
Figure 8: Extinction coefficient spectra of pure and  
Fe-doped SnS thin films. 

 
Figure 9: Refractive index spectra of pure and Fe-doped 
SnS thin films. 

The gas-sensing performance of the fabricated 
films was evaluated at an operating temperature of 
110 °C using NO₂ concentrations of up to 300 ppm. 
Figure 10 shows the variation in electrical resistance 
upon gas exposure. The undoped SnS film exhibits 
the lowest resistance, indicating more effective 
adsorption of NO₂ molecules on its surface [58]–[62]. 
In contrast, the Fe-doped films show progressively 
higher resistance with increasing Fe concentration, 
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reaching the highest value for the 4% Fe-doped 
sample. This behavior is attributed to Fe-induced 
modifications of the charge-transport mechanism and 
the interaction between the sensing surface and NO₂ 
molecules, which reduce charge-carrier mobility and 
consequently increase the electrical resistance [62]–
[65]. 

 
Figure 10: Dynamic resistance response of pure and Fe-
doped SnS thin films toward NO₂ gas. 

Figure 11 illustrates the NO₂ gas-sensing 
sensitivity of the pure and Fe-doped SnS thin films. 
The sensitivity decreases systematically with 
increasing Fe concentration over the investigated gas 
concentrations [66]–[68]. Specifically, the sensitivity 
decreases from 47.06% to 19.13% at 100 ppm, from 
49.25% to 20.72% at 200 ppm, and from 53.02% to 
22.33% at 300 ppm as the Fe content increases. This 
reduction is attributed to enhanced charge-carrier 
recombination and changes in the electronic structure 
caused by Fe incorporation, which reduce the number 
of free carriers participating in gas detection and 
consequently weaken the sensor response [69], [70]. 

 
Figure 11: Sensitivity of undoped SnS and Fe content at 1% 
and 3% respectively. 

4 CONCLUSIONS 

This research successfully prepared SnS thin films 
with varying Fe doping levels of 1% and 3% via SPT. 
XRD assure that all films are polycrystalline with an 
orthorhombic structure and a dominant (106) 
preferred orientation. Fe doping significantly 
improved crystalline quality, increasing the crystallite 
size from 13.56 to 22.78 nm. This enhancement was 
accompanied by a notable reduction in both 
dislocation density (from 64.61×10¹⁴ to 50.60×10¹⁴ 
lines/m²) and microstrain, indicating a decrease in 
crystal lattice defects. Morphological studies using 
AFM revealed that Fe doping leads to smoother films 
with a finer nanostructure, as the average particle size 
decreased substantially from 87.6 nm to 41.1 nm. 
Optically, the films became more absorbent in the 
visible region with increasing Fe content, which 
correlated with a narrowing of the direct optical 
bandgap from 1.72 eV to 1.60 eV. Critically, the 
evaluation of NO₂ gas sensing properties at 110°C 
showed that Fe doping was detrimental to sensor 
performance. The sensitivity of the films decreased 
progressively with increasing Fe concentration, from 
53.02% for the undoped film to 22.33% for the 3% 
Fe-doped film at 300 ppm NO₂.  
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