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Abstract: Considerable attention was paid to the physical characteristics of SnS:Cu thin films produced by plasma jet 

technique at different argon flow rates of 0.5, 1, and 1.5 L/min. According to XRD patterns, the grown films 

are cubic polycrystalline with a dominating peak at the (115) plane. The investigation guarantees that the 

structure and dominating peak were unaffected by varying the flow rate. The XRD profile shows an increase 

in grain size (nm) from 11.25 nm to 12.36 nm as the argon flow rate increases. Similarly, the strain decreased 

from 30.81 x 10-4 to 28.04 x 10-4 with increasing flow rate. Using atomic force microscopy, the average 

particle size was determined to be between 88.1 and 42.3 nm, while the average roughness was between 10.69 

and 3.26 nm. SEM analysis of films prepared at different flow rates revealed distinct trends.   Films prepared 

at 0.5 L/min exhibited higher aggregation and a more homogeneous structure.  Whereas those prepared at 1-

1.5 L/min showed increased porosity. In Vis-NIR areas, the transmission values of the films exceed 75%. The 

absorption coefficient increased with increasing argon flow rate, while the optical energy gap values decreased 

from 1.42 eV to 1.30 eV. Additionally, optical constants decreased as the flow rate increased. SnS:Cu films 

show decreased resistance with higher argon flow, indicating improved crystallinity, surface uniformity, and 

enhanced charge carrier mobility. SnS:Cu films show decreasing NO₂ sensitivity with higher argon flow rates. 

1 INTRODUCTION 

Over the past two decades, tin monosulfide (SnS) has 

garnered significant attention due to its myriad 

optoelectronic applications [1]-[3]. Early 

investigations, such as Hoffman's work in 1935, 

delved into the orthorhombic structure of SnS. This 

structure comprises layers of Sn and S atoms, held 

together by weak van der Waals-type bonding 

between layers [4]. Notably, SnS compounds exhibit 

a wide band gap ranging from 1.2 to 1.6 eV [5], [6]. 

The absorption coefficient of these compounds is 

sufficiently high, reaching up to 104 cm⁻¹, making 

them suitable for applications as absorber layers [7], 

[8]. Researchers have employed various techniques to 

produce SnS thin films, including sol-gel [9], spray 

pyrolysis [10], electrodeposition [11], EBE [12], 

SILAR [13], PLD [14], CBD [15], and RF-magnetron 

sputtering [16]. The plasma jet technique is a 

relatively new process for the synthesis of 

nanostructured thin films that provides several 

attractive features such as the formation of very 

reactive species at atmospheric pressure, facilitating 

rapid and highly controllable reactions, and 

encouraging the development of desired composition 

and morphology of the films within controlled 

parameters that give the plasma jet technique its 

effectiveness and versatility as technology [17]-[19]. 

This study aims to get more information about the 

structural, morphological, and optical properties as a 

function of argon flow rate for the prepared films. 
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These studies are indispensable for deepening the 

knowledge of SnS: Cu nanostructures and enhancing 

their performance in optoelectronic and sensing 

devices. 

2 EXPERIMENTAL 

SnS: Cu thin films were synthesized using an 

atmospheric pressure plasma jet system. In this work, 

argon gas was used as the working gas with different 

flow rates of 0.5, 1.0, and 1.5 L/min to investigate the 

effect of gas flow on the properties of the films. The 

plasma nozzle was positioned 2 cm above the surface 

of 10 mL of deionized water containing tin chloride 

(SnCl₂) as the tin source and thiourea ((NH₂)₂CS) as 

the sulfur precursor. Additionally, copper chloride 

(CuCl₂) was added to the solution to introduce copper 

into the SnS matrix.  During plasma operation, the 

interaction of the high-energy argon plasma plume 

with the precursor solution generated reactive species 

that initiated chemical reactions, resulting in the 

formation of SnS:Cu nanoparticles directly in the 

liquid phase. To study the effect of gas flow rate, all 

other synthesis conditions were kept constant, with 

only the flow rate varied. The gradual change in the 

color of the colloidal suspensions confirmed 

formation of nanoparticles.  The obtained SnS:Cu 

nanoparticles were deposited on pre-cleaned glass 

substrates using the drop-casting technique. The 

deposited films were allowed to dry naturally at room 

temperature, forming visible thin layers on the 

substrate surface. These as-deposited films were 

subsequently annealed in a laboratory furnace at 150 

°C for 30 minutes to enhance densification, surface 

uniformity, and adhesion.  After annealing, the films 

were subjected to XRD, AFM, and UV–Vis 

characterization. The resulting SnS:Cu thin films 

exhibited a compact, homogeneous structure and 

strong adhesion to the substrate, confirming the 

effectiveness of the plasma jet. Gas sensitivity 

measurements are generally performed in a 

cylindrical testing chamber with a radius of 7.5 cm 

and a height of 15 cm. 

3 RESULTS AND DISCUSSIONS 

The crystallographic characteristics of the deposited 

films are presented in Figure 1 through their X-ray 

diffraction (XRD) patterns. The observed diffraction 

peaks located at 38.41°, 45.02°, 50.24°, and 63.12° 

are indexed to the (113), (105), (115), and (220) 

planes, respectively [20]. These reflections are 

consistent with ICDD card No. 34-1439, confirming 

the crystalline nature of the synthesized films. The 

presence of well-defined peaks indicates that all 

samples exhibit a polycrystalline structure. Among 

them, the (115) reflection at 2θ = 50.24° is the most 

dominant feature. It is also observed that the intensity 

of this peak increases with increasing argon flow rate, 

suggesting that deposition conditions significantly 

influence crystal orientation and enhance overall film 

crystallinity [18]. 

The crystallite size (D) was estimated using 

Scherrer’s equation [21], [22]. The calculated values, 

as summarized in Table 1, are 11.25 nm, 11.70 nm, 

and 12.36 nm for films deposited at argon flow rates 

of 0.5, 1.0, and 1.5 L/min, respectively. The gradual 

increase in crystallite size with flow rate indicates that 

higher gas flow promotes improved atomic 

arrangement and crystal growth during deposition. 

Larger crystallites are generally associated with better 

structural ordering and enhanced crystallinity [23], 

[24]. 

The dislocation density (δ) was evaluated using 

the standard relation [25], [26]. The results show a 

decrease in δ from 79.01 to 65.45 as the argon flow 

rate increases from 0.5 to 1.5 L/min. This reduction 

suggests that higher flow rates contribute to fewer 

crystallographic defects within the lattice. Lower 

dislocation density is typically indicative of improved 

structural quality and increased stability of the films 

[27], [28]. 

The lattice strain (ε) was calculated using the 

corresponding relation [29], [30]. A decreasing trend 

is observed, where strain reduces from 30.81 to 28.04 

with increasing argon flow rate. This decline reflects 

reduced lattice distortion and indicates the formation 

of a more relaxed crystal structure. The simultaneous 

decrease in both strain and dislocation density 

confirms the improvement in crystalline quality with 

increasing flow rate [18]. The overall structural 

parameters are summarized in Table 1, while their 

variation with flow rate is illustrated in Figure 2. 

Atomic force microscope (AFM) micrographs 

and roughness analysis are presented in Figure 3 (a1 - 

c3). The 3-D images and particle size (Pav) are 

depicted in Figure 3 (a1, b1, and c1), showing spherical 

nano-grains with sizes ranging from 42.3 nm to 88.1 

nm at a flow rate of 1.5 L/min. The increase in copper 

doping led to a rise in average surface roughness (Ra) 

due to the increase in grain size.  The findings indicate 

that increasing copper doping leads to a refinement in 

the surface morphology, resulting in smaller and 

more uniform nano-grains [31]. The AFM 

parameters, visually represented in Figure 3 and 
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quantified in Table 2, provide a comprehensive 

analysis of the impact of copper doping on the 

observed surface characteristics of the SnS films. 

Figure 1: XRD styles of the prepared films. 

Figure 2: Pst of SnS: Cu films. 

Table 1: D, Eg, and Pst of SnS: Cu films. 

Specimen 2 q (o) (hkl) Plane 
FWHM 

(o) 
Eg (eV) D (nm) δ (× 1014) (lines/m2) Ԑ (× 10-4) 

SnS: Cu at flow= 0.5 L/min 50.24 115 0.78 1.42 11.25 79.01 30.81 

SnS: Cu at flow= 1 L/min 20.21 115 0.75 1.38 11.70 73.05 29.63 

SnS: Cu at flow= 1.5 L/min 50.20 115 0.71 1.30 12.36 65.45 28.04 

Figure 3: AFM of SnS: Cu films. 
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Table 2: PAFM of SnS: Cu films. 

Samples Pav nm Ra (nm) Rrms (nm) 

SnS: Cu at 

flow= 0.5 L/min 
42.3 3.26 3.73 

SnS: Cu at 

flow= 1 L/min 
78.0 8.28 5.38 

SnS: Cu at 

flow= 1.5 L/min 
88.1 10.69 9.34 

The optical transmittance of the deposited films 

was evaluated using the standard definition of 

percentage transmittance [32], [33], where it is 

expressed as the ratio of transmitted to incident light 

intensity. Here, 𝐼0corresponds to the incident light

intensity and 𝐼represents the transmitted intensity 

after passing through the film. The transmittance 

results shown in Figure 4 reveal the optical behavior 

of films prepared under different argon flow rates. 

The sample grown at the lowest flow rate (0.5 L/min) 

exhibits relatively high transparency, reaching up to 

75%. In contrast, a gradual reduction in optical 

transmission is observed as the flow rate increases to 

1.0 and 1.5 L/min. This decrease indicates that the 

deposition conditions strongly influence the optical 

transparency of the SnS:Cu films [32]. The reduction 

in transmittance at higher flow rates can be attributed 

to enhanced plasma–solution interactions, which alter 

the microstructure and increase light scattering and 

absorption within the film [34], [35]. 

The absorption coefficient (α) was determined 

from the optical absorbance data using the established 

relation [36], [37], which incorporates film thickness 

as a key parameter. The variation of α is presented in 

Figure 5. The results show that the absorption 

coefficient increases with increasing argon flow rate. 

This behavior suggests that stronger plasma 

interaction during deposition modifies the electronic 

structure of the SnS:Cu films, leading to higher light 

absorption. Such an increase may be associated with 

changes in defect states and density of states within 

the material, which enhance photon absorption. 

Similar trends have been reported in previous studies, 

where increased plasma activity led to higher 

absorption coefficients due to structural and 

electronic modifications [38], [39]. 

Using Tauc’s relation, the optical bandgap (Eg) of 

the deposited films was determined from the 

absorption data [40], [41]. This approach relates the 

absorption coefficient and photon energy, where A is 

a material-dependent constant and hν represents the 

incident photon energy. The obtained results, 

presented in Figure 6, show a gradual decrease in Eg 

from 1.42 eV at 0.5 L/min to 1.30 eV at 1.5 L/min. 

This reduction in bandgap energy with increasing 

argon flow rate can be associated with improvements 

in crystallinity and an increase in particle size, both 

of which influence the electronic structure of the 

films [42], [43]. 

Figure 4: T of SnS: Cu films. 

Figure 5: α of SnS: Cu films. 

Figure 6: Eg value of SnS: Cu films. 

The extinction coefficient (k) was calculated 

using the standard optical relation [44], [45], and its 
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variation with wavelength is shown in Figure 7. The 

results indicate that k decreases as the argon flow rate 

increases. This trend suggests that higher plasma flow 

during deposition reduces the material’s optical 

losses, which is consistent with improved film quality 

and reduced defect-related absorption [46], [47]. 

The refractive index (n) was evaluated using the 

established relation that incorporates both reflectance 

and extinction coefficient [48], [49]. Its spectral 

dependence is illustrated in Figure 8. The results 

show a decreasing trend of n with increasing argon 

flow rate [50], [51]. This behavior may be explained 

by structural and electronic modifications induced by 

enhanced plasma–solution interactions, which can 

reduce film density and alter the optical response of 

the material [52], [53]. 

Figure 9 presents the time-dependent resistance 

response of SnS:Cu thin films exposed to 375 ppm 

NO₂ at 125 °C under different argon flow rates. The 

measurements indicate that the electrical resistance 

decreases as the argon flow rate increases, suggesting 

that higher plasma flow improves crystallinity and 

surface uniformity. These structural enhancements 

facilitate more efficient charge transport within the 

films, resulting in reduced overall resistance [46], 

[47]. 

Figure 7:  k of SnS: Cu films. 

Figure 8: n of SnS: Cu films. 

Figure 9: Resistance change over time for SnS: Cu films at 

different varying argon flow rates. 

The gas sensor sensitivity (S) was evaluated using 

the standard expression [54], [55], which defines the 

relative change in resistance upon exposure to the 

target gas. In this relation, 𝑅𝑎corresponds to the

resistance measured in the presence of NO₂, while 

𝑅𝑔represents the baseline resistance in air. The

sensitivity results of SnS:Cu thin films deposited at 

different argon flow rates are presented in Figure 10 

for various NO₂ concentrations [56], [57]. 

Figure 10: Sensitivity (S) of SnS: Cu films at different 

varying argon flow rates. 

The data reveal a clear decrease in sensitivity with 

increasing argon flow rate. Quantitatively, the 

sensitivity drops from 42.70% to 1.63% at 125 ppm, 

from 44.41% to 3.59% at 250 ppm, and from 46.52% 

to 5.75% at 375 ppm. This pronounced reduction 

indicates that higher argon flow conditions negatively 

affect the gas sensing performance of the films. 

This behavior can be explained by enhanced 

charge carrier recombination and changes in the 

surface properties of the material when exposed to 

NO₂. As the argon flow rate increases, structural 

modifications such as improved crystallinity and 

Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), March 2026

577



reduced defect density may lead to fewer active 

adsorption sites, which ultimately weakens the 

interaction between the gas molecules and the film 

surface. As a result, the overall sensing response 

decreases significantly [14], [58], [59]. 

4 CONCLUSIONS 

The plasma jet technique proved to be effective in 

producing high-deposition films. The SnS: Cu films 

exhibited a pure crystalline structure with a prominent 

peak along the (115) direction. Structural studies 

revealed an increase in the crystallite size (D) from 

11.25 nm to 12.36 nm as the argon flow rate increased 

from 0.5 L/min to 1.5 L/min. The strain decreases 

from 30.81 to 28.04 as the flow rate increases. AFM 

images reveal that the average particle size ranges 

from 88.1 nm for films prepared at 0.5 L/min to 42.3 

nm for those prepared at 1.5 L/min. The transmittance 

spectra of the films decrease from 75% to 70% as the 

flow rate increases. The absorption coefficient (α) 

increased with higher argon flow rates, while the 

optical gap decreased from 1.42 eV to 1.30 eV as the 

flow rate increased. Additionally, both the refractive 

index (n) and the extinction coefficient (k) decrease 

with increasing plasma gas flow. Increasing argon 

flow during deposition improves SnS:Cu film 

crystallinity and uniformity, enhancing charge 

transport and reducing overall electrical resistance. 

Higher argon flow rates reduce SnS:Cu film. Higher 

argon flow rates reduce SnS:Cu film sensitivity. 
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