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SnS:Cd nanostructured thin films were produced via chemical spray 
pyrolysis (CSP). XRD analysis shows an orthorhombic structure. The film 
with 4% Cd-SnS demonstrated favorable structural attributes, featuring a 
large crystallite size of 13.44 nm and a small dislocation line density of 5.355 
× 1015 lines/m2. SEM images revealed noticeable surface transformations 
in SnS films, characterized by uniform spherical nano-grains following 
Cadmium doping. Cadmium doping decreased the bandgap energy (Eg) 
of SnS, with the lowest value of (1.35 eV) observed at 4% Cd doping 
in SnS. Undoped SnS had lowest resistance; 4% Cd doping increased 
resistance via electron extraction. NO2 exposure decreased resistance via 
oxygen ion concentration change. The sensitivity decreases with cadmium 
doping in SnS, impacting NO2 exposure response. Higher doping reduces 
responsiveness due to increased charge carrier recombination.

INTRODUCTION
SnS, part of the IV–VI group, is a p-type 

semiconductor. It boasts excellent thermal and 
chemical stability, featuring indirect (1 to 1.5 eV) 
and direct band gaps (1.39 to 2.33 eV), whose 
specific values vary based on preparation method 
and heat treatment temperature. [1-4]. Doping 
is the most effective method for improving the 
physical characterization while preserving crystal 
structure. Different metals, such as Bi, Sb, Ag, Cu, 
and Cd, have been employed as dopants in SnS 
[5]. Cadmium has emerged as the most preferable 
dopant for SnS, thanks to its unique electrical and 
optical attributes when combined with sulfide [6]. 
Specifically, Cadmium stands out as a promising 
candidate for doping SnS thin films because of 
the favorable ionic radii of the dopant cation Cd2+ 
(114 pm or 0.95 Å), which compares favorably 

to that of the Sn2+ ion (118 pm or 0.93 Å) [7,8]. 
Since SnS has limited vacant sites, an abundance 
of Cd accumulates on the surface rather than 
substituting within the crystal lattice, leading to 
reduced crystallinity and an increased bandgap. 
Several methods have been employed for thin 
film preparation, including DC and RF magnetron 
sputtering [9,10], pulse electro-deposition [11], 
thermal evaporation [12], CBD [13], and CSP 
[14]. Chemical spray pyrolysis (CSP) is relatively 
simpler, faster, and more cost-effective than these 
methods.

MATERIALS AND METHODS
Thin films of SnS and SnS:Cd were fabricated 

using chemical spray pyrolysis (CSB). A custom-
designed glass atomizer with a 1 mm output 
nozzle diameter sprayed a 0.1 M solution of Sn 
[C4H6CuO4] onto glass bases at 400°C. For doping, 
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CdCl3 was dissolved in redistilled water, with drops 
of HCl added until the solution turned clear. Table 
1 outlines the optimal deposition parameters.

Weighing was done on specimens both prior 
to and after spraying. to ascertain film mass. Film 
thickness, determined via the weighing method, 
measured 330 ± 30 nm. Structural properties 
were evaluated using XRD, while AFM was utilized 
to analyze the film surface. Scanning electron 
microscopy (SEM) was utilized for morphological 
analysis. Additionally, absorption and transmission 
spectra were analyzed using a double-beam UV/VIS 
spectrophotometer.Gas sensitivity was evaluated 
by determining the resistance percentage change 

in a cylindrical chamber measuring 8 cm in radius 
and 18 cm in height.

RESULTS AND DISCUSSION
XRD patterns of Cd-doped SnS films with 

varying Cadmium concentrations (0 wt%, 2 wt%, 
and 4 wt%) are depicted in Fig. 1. The peaks 
that represent SnS were at 2θ of 28.56°, 34.32°, 
47.77°, and 56.64°, attributed to the (008), 
(106), (110), and (118) planes respectively, were 
observed. These findings confirm the crystalline 
orthorhombic structure of the pure SnS film, 
which aligns well with the standard JCPDS card 
No (39-1363). Compared to previously fabricated 

 
  

Specimen  2  
)o( 

(hkl) 
Plane 

FWHM 
)o( Optical bandgap (eV) Grain size (nm) Dislocations density 

)2) (lines/m14(× 10 
Strain 

)4-(× 10 
Undoped SnS 28.56 008 0.69 1.47 11.88 70.80 29.17 

SnS: 2% Cd 28.53 008 0.66 1.41 12.42 64.77 27.90 
SnS: 4% Cd 28.51 008 0.61 1.35 13.44 55.35 25.79 

 

  
Fig.1. XRD styles of grown films. 

Table 1 outlines the optimal deposition parameters for spray solutions.
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films, this film exhibits good crystallinity. When 2% 
Cd is introduced as a dopant into SnS, there is an 
increase in peak intensity and a slight shifting at 
2θ values of 34.32°. This minor intensity increase 
and peak shifting confirm the doping process. 
The observed peak shifting is attributed to 
differences in atomic size, which lead to expansion 
or contraction of repetition lengths in the crystal 
structure depending on the dopant concentration 
relative to the host atoms. The variation in peak 
intensities is attributed to doped atoms differing 
from the host atoms [15]. The increase in intensity 
suggests an enhancement in layer orientation 
and crystalline quality [16]. The enhancement 
in crystalline quality is notably evident with 
the heightened peak intensity observed at 
4% Cadmium doping in SnS. Improved layer 
orientation and crystal quality correlate with a 
steady rise in the intensity of the same diffraction 
peak. The formation of the orthorhombic phase is 
directly associated with the rock-salt content [17]. 
However, lattice disorder arises due to significant 
Cadmium dopants, generating stress. These 

stresses impede grain growth [18].
The crystallite size (D), is calculated using 

Scherrer’s formula [19]:

D = Kλ
βcosθ            

                                                                   
(1)

If we denote K as (0.9), λ is radiation wavelength, 
and θ as Bragg’s angle, β, is FWHM. According 
to Scherrer’s formula, an increase in crystallite 
size (D) from 11 nm to 23 nm is observed due to 
Cd doping at 2% and 4% concentrations. Better 
crystal development results from this, especially 
at grain boundaries.The presence of Cd atoms in 
the correct lattice positions within the SnS film 
structure is likely responsible for this increase in D. 
Additionally, because Cd functions as an enhancer 
instead than an inhibitor, the low value of D seen 
with cadmium doping suggests a decrease in 
crystal defects [20]. The dislocation density (δ) 
was determined via the formula [21].

δ = 1
D2        

                                                                        
(2)

 

  
Fig. 2. FWHM, strain and dislocation of pure and SnS:Cd films with different dopants.
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Strain (ε) was calculated using the formula [21].

ε = βcosθ
4       

  

                                                                        
(3)

Fig. 2 shows that δ and ε initially decrease 
with increasing doping concentration. The pure 
SnS films have the lowest values of (δ) and (ε), 
suggesting less grain boundaries and stronger 
stability in thin films. Lattice dilatation could cause 

the observed variation in SnS thin film crystallite 
size [22]. Table 2 presents D and δ for different 
doping content.

AFM was employed to examine the surface 
topography as depicted in the 2D images 
presented in Fig. 3. The incorporation of Cd 
into the SnS matrix resulted in changes in the 
topological properties, as confirmed by the 2D 
images. Surface roughness dropped from 11.5 nm 
to 2.63 nm when the doping concentration rose 
from 0% to 2% and 4%, presumably due to the 
surface’s suppressed cadmium segregation. 

 

Samples D 
(nm) 

aR 

(nm) 
RMS 
(nm) 

SnS 93.1 11.50 9.87 
SnS: 2% Cd 66.2 4.05 8.46 
SnS: 4% Cd 38.6 2.63 4.23 

Table 2. Structural parameters of pure SnS and doping with Cadmium films.

 

  
Fig. 3. AFM information.
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Figs. 3a, 3b, and 3c illustrate surface textures 
with hillock-like topology for pure SnS and doping 
concentrations of 2% and 4%, respectively. 
Consequently, the film surfaces appeared 
smoother than those prepared with pure SnS. The 
difference between the crystallite size calculated 
using Scherrer’s Equation and AFM arises from 
the fact that a grain comprises several aggregated 

crystallites. A more significant number of smaller 
crystallites are formed due to increased doping. 
This behaviour could be explained by doping 
producing a larger density of nucleation centres, 
which leads to a higher density of crystallites with 
smaller diameters [23].

 Ra , RMS and D for all samples are summarized 
in Table 2.

 

  

 

  
Fig. 5. Transmittance of grown films.

Fig. 4. SEM of grown films.
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The SEM images presented in Fig. 4 (a), (b), 
and (c) provide a visual depiction of the surface 
morphology of SnS, SnS: 2% Cd, and SnS: 4% Cd thin 
films, respectively. A noticeable trend is observed 
wherein there is a gradual decrease in grain size 
with increasing Cadmium doping concentration. 
Additionally, it’s important to note that the surface 
morphology of films containing SnS: 2% Cd and 
SnS: 4% Cd exhibits slight deviations compared to 
that of Undoped SnS. These observed variations in 
morphology can be attributed to several factors, 
including variances in the lattice structure induced 
by Cadmium doping and deposition-induced 
defects. Incorporating Cadmium atoms into the SnS 
lattice may lead to structural distortions, affecting 
the nucleation and growth of grains during film 
deposition. Additionally, deposition processes can 
introduce defects in the film structure, further 
influencing its surface morphology.

Transmittance (T), is defined by Equation [20-
21]:

T% = I
Io

%            
                                                                 

(4)

Here, Io   represents the initial light intensity, and 
(I) denotes the light intensity after passing through 
the sample. (T%) of undoped and Cadmium-doped 
SnS nanocrystalline films deposited at 400°C are 
presented in Fig. 5. Notably, there’s an average T 
of approximately 75% in the visible region. The 
absorption spectra of SnS:Cd nanocrystalline thin 
films are illustrated in Fig. 6. It’s observed that 
the absorption edge (Ae) shifts towards longer 
λ with increasing doping, indicating a reduction 
in the energy gap with higher doping levels. 
The increased number of atoms is the cause 
of this phenomenon, which offers absorption 
opportunities for more photons. Similar findings 
have been reported via reference [24]. The 
increased absorption with Cadmium doping 
suggests improved optical properties, potentially 
beneficial for optoelectronic applications. The 
shift in Ae towards longer λ indicates a decrease 
in the bandgap energy, making the material 
more suitable for absorbing photons with lower 
energies, thus expanding its spectral response 
range.

The absorption coefficient (α) corresponding 

 

  
Fig. 6. Absorbance of the entended films.



746

A. Jasim / Optical Properties of Nanostructure SnS:Cd Films

J Nanostruct 15(2): 740-751, Spring 2025

 

  

 

  
Fig. 8. of the grown films.

Fig. 7. α of the intended films.
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to the intense absorption region of the films 
was determined from the absorbance (A) and 
the thickness of the film (t) using the following 
relation [25]: 

α = (lnT−1)
t      

                                                               
(5)

The increased absorption coefficient of SnS:Cd 
nanocrystalline films with doping concentration, 
as shown in Fig. 7, indicates an enhancement in 
the material’s light absorption capability. This 
is further supported by the observation that 
the absorption coefficient (α) exceeds 104 cm-

1, signifying strong light absorption properties. 
Additionally, the shift of the Ae towards lower 
photon energy regions with increasing doping 
concentration up to 2% suggests a reduction in 
the optical band gap. This phenomenon may 
be attributed to the introduction of Cadmium 
atoms, which can alter the band structure of 
SnS, leading to a modification in its optical 
properties. Moreover, unsaturated bonds within 

the layers could contribute to forming defects in 
the material. These defects may create localized 
states in the band structure, effectively reducing 
the optical band gap. The optical band gap (Eg) can 
be derived from the optical absorption spectrum 
using the Tauc relation [27]. This method allows 
for determining Eg and provides insights into the 
material’s electronic properties and potential 
applications in optoelectronic devices.

αhv = B(hv − Eg)r                                                     (6)

Where hυ is photon energy, B constant, and r 
is 0.5 for allowed direct transitions, Fig. 8 displays 
values of Eg ,which decreased from 1.47 eV for 
SnS thin films to 1.35 eV for SnS:Cd thin films with 
a doping content of 4%. This decrease in Eg is 
significant and is attributable to the influence of 
cadmium doping. As a result, the material’s band 
structure is modified, causing a reduction in the 
optical band gap [28].

 

  
Fig. 9. n of grown films.
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The refractive index (n)was determined using 
the relation [29]:

n = 1+R
1
2

1−R
1
2
   

                                                                    
(7)

Where R is reflectance. The variation of n with λ 
is shown in Fig. 9. It was noticed that the refractive 
index (n) slightly decreased with changes in 
doping concentration, ranging from 3.40 to 3.24 
at a wavelength of 450 nm. This observation 
suggests that the doping content affects the 
optical properties of the films. Additionally, the 
refractive index serves as a qualitative indicator 
of the surface smoothness and homogeneity of 
the films [30]. A decrease in refractive index with 
doping concentration might indicate changes in 
the material’s density or composition, affecting its 
optical properties.

The extinction coefficient (k) can be determined 
using the Equation [31]:

k = αλ
4π      

                                                                    
 (8)

The behavior of k is shown in Fig. 10. From 
this figure. k increases with increasing doping 
concentration. Specifically, for the as-deposited 
SnS films, the extinction coefficient (k) increases 
from 0.51 to 0.55. This behavior can be explained 
by the increase in absorbance or α, which 
consequently increases k. Additionally, this 
increase could be ascribed to the same cause as 
previously stated regarding n , where the optical 
energy gap decreases due to the increased 
absorbance.

Gas sensing properties of Cadmium-doped and 
undoped SnS nanostructures were investigated 
for NO2 at 90°C, with dynamic resistance changes 
illustrated in Fig. 11. Undoped SnS exhibited the 
lowest resistance due to its higher roughness, 
surface area, and porosity, which were observed in 
AFM and SEM analyses. Electrical resistance data 
corroborated this finding. All samples exhibited 
p-type semiconductor behavior. SnS with 4% Cd 

 

  
Fig. 10. k of the intended.
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Fig. 12 The sensitivity of undoped SnS and SnS:Cd films with various dopants.

Fig. 11 The resistance versus operating time grown films.
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doping displayed the highest resistance, attributed 
to electron extraction, which increased hole 
density at the gas-solid interface. This reduced 
potential barrier for electrons as oxygen ion 
density on the surface increased, subsequently 
lowering electrical resistivity. The introduction 
of NO2 altered the concentration of oxygen ions, 
decreasing resistance. This explanation elucidates 
the observed resistance changes in response to 
NO2 exposure.

The sensitivity can be calculated using Eq. 9:

  Sensitivity = ∆R
Rg

= |Rg−Ra
Rg

| × 100 %    
                 

(9)

                
Where Ra Rg is the sensor’s resistance in the 

presence of gas and air. The sensitivity plots in 
Fig. 12 demonstrate the effect of Undoped, SnS: 
2% Cd, and SnS: 4% Cd on NO2 gas exposure. 
The recombination process between charge 
carriers affects sensitivity, showing a decrease 
with increasing Cadmium doping levels [36]. 
For Undoped, SnS: 2% Cd, and SnS: 4% Cd, the 
sensitivity dropped from 24.1 % to 1.8 % (80 ppm), 
26.5 % to 3.8 % (160 ppm), and 28.4 % to 5.9 % 
(240 ppm) [37]. A similar decrease in sensitivity 
was observed for Undoped, SnS: 2% Cd, and SnS: 
4% Cd, indicating that higher Cadmium doping 
levels result in reduced sensor responsiveness to 
NO2 gas.This reduction in sensitivity is attributed 
to the increased recombination rate of charge 
carriers, which diminishes the number of carriers 
available to interact with NO2 gas molecules, 
lowering the sensor’s overall responsiveness.

CONCLUSION
The impact of Cadmium doping on the 

structural, surface topography, and optical 
properties of SnS films deposited via CSP 
technique was investigated. XRD analysis revealed 
that the films exhibited a polycrystalline nature 
with a preferred grain orientation along the (008) 
plane, demonstrating an orthorhombic crystal 
structure. With the introduction of Cadmium 
doping, the crystallite size increased from 11.88 
nm to 13.44 nm. The film’s transmittance in the 
visible region was above 75%. Furthermore, as 
the doping concentration increased, Eg value 
decreased from 1.47 eV to 1.35 eV. AFM images 
revealed that undoped and Cadmium-doped SnS 

films consist of rounded-shaped particles. The 
RMS roughness values decreased with increasing 
Cadmium dopant concentration, ranging from 9.87 
nm to 4.23 nm. SEM images displayed SnS films 
undergoing a significant surface transformation 
characterized by uniformly distributed spherical 
nano-grains following Cadmium doping. Undoped 
SnS had lowest resistance due to surface 
properties. 4% Cd doping increased resistance 
via electron extraction. NO2 exposure reduced 
resistance by altering oxygen ion concentration. 
Higher Cadmium doping decreases sensitivity due 
to increased charge carrier recombination.
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