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Abstract 
Here in this research, we have prepared Cobalt-doped antimony sulfide thin 
films using Chemical Bath Deposition (CBD) method on the glass substrate 
and analyzed the impact of concentration on physical properties of prepared 
thin films by annealing them at 250 ⁰C for two hours.  Structural analysis 
from X-ray diffraction (XRD) revealed that the films were polycrystalline in 
nature with orthorhombic phase and its crystallite size decrease from 19 to 10 
nm. Scanning electron microscopy (SEM) showed surface morphology and 
grain growth of prepared thin film which were improved with increasing cobalt 
concentration. Raman vibration mode confirmed the presence of the antimony 
sulfide phase in the prepared thin films and showed that their Raman spectra 
are unevenly dominated by stretching vibration modes (Sb-S). The annealed 
Sb2S3 thin films exhibited energy band gap values of 0.56 - 0.95 eV. The pure 
and Co-doped antimony sulfide thin films showed high absorption coefficient 
of about 104 cm-1 indicating Co-doped antimony sulfide thin films are suitable 
for solar cell applications.  
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1.  Introduction 
Chalcogenide thin films have attained much 
attention due to its excellent optoelectronic 
photovoltaic, and thermoelectric applications 
[1, 2]. Antimony sulfide thin film is an attractive 
solar absorber material that has garnered 
tremendous interest because of its fascinating 
properties for solar cells including suitable band 
gap (1.78–2.50 eV), high absorption coefficient 
(104 cm−1), excellent stability and earth 
abundance [3]. It has high values for index of 
refraction with high valued absorption 
coefficient of about 105 cm−1 [4],[5, 6] and have 
well-distributed quantum size effects these are 
some of its properties which made it suitable for 

solar cell applications [7]. Antimony tri-sulfide 
(Sb2S3) thin films observed to have complication 
due to its high values of resistance and found to 
have low transmittance, which somehow hold 
back its large scale applications [8]. Photovoltaic 
devices have been developed to boost the usage 
of solar energy. Silicon solar cells during past 
years proved as the most competent materials 
but due to their high production cost they    
cannot overcome the existing energy crisis [9]. 
The material’s structural, electrical and optical 
properties should be observed which verify it as 
promising candidate for solar cell applications. 
It is observed from the recent literature surveys 
that the properties of material can be enhanced 
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by two ways; first one is by varying deposition 
method which also affects its production cost 
and second one is by adding different dopants 
which somehow boost up its optical and 
electrical properties. 
 Antimony sulfide thin films were deposited by 
using several techniques like simple and cost 
effective chemical bath deposition method [10], 
spray pyrolysis [11], spray pyrolysis [12], dip and 
dry method [13] and vacuum thermal technique 
[14]. Various dopants were used to enhance the 
physical properties of material such as 
phosphorous, carbon, bismuth etc.[15, 16]. The 
optical properties can also be enhanced by 
increasing the films deposition time and by 
annealing the deposited films which also made 
them crystalline [16]. Due to its vast area 
deposition, low-cost and low temperature 
chemical bath deposition has widely been used. 
Various researches have been made in this 
context by deposition of Sb2S3 thin films using 
CBD [17-19]. The band gap values of thin films 
change by varying its deposition techniques. As 
Savadogoand Mondal measured 1.8 eV band 
gap energy for Sb2S3 thin films by using CBD 
[20]. Bhosaleet al, measured band gap energy 
1.55 eV by using spray pyrolysis method [4]. 
Later, Yesugade et al. prepared Sb2S3, As2S3, and 
Bi2S3 thin films by using Electro Deposition 
Technique and observed 1.7 eV band gap energy 
of Sb2S3 [21]. 
 Earlier, it was observed that absorption of 
antimony sulfide thin films enhanced by doping. 
Ma et al, showed that the absorption of Sb2S3 
thin films was increased by doping it with 
titanium which also improves the device current 
density which leads higher efficiency [22, 23]. 
In this study, we have prepared Co-doped 
antimony sulfide Sb2S3 thin films by varying 

cobalt concentrations of 1%,2%,3% and 4% by 
CBD method optimized at the temperature of 
about 10 ⁰C. The physical and morphological 
characteristics of undoped and cobalt doped 
antimony sulfide thin films were analyzed by 
various techniques of characterization i.e., 
UV/Visible spectroscopy, scanning electron 
microscopy and X-ray diffraction. The energy 
gap for cobalt doped antimony sulfide films was 
found to 0.56-0.95 eV. Higher values of the 
absorption coefficient represent potential of the 
prepared thin films as good solar absorbers. 
  
2. Experimental Details 
Pure and cobalt-doped antimony sulfide Sb2S3 
thin films were deposited onto microcrystalline 
glass substrate. The whole apparatus was 
thoroughly cleaned with acetone and distilled 
water and then dried. These films were 
fabricated by placing these thoroughly cleaned 
glass slides vertically in the solution by chemical 
bath deposition technique. The solution of pure 
and cobalt doped antimony sulfide thin films 
were prepared by the addition of 650 mg 
antimony chloride SbCl3 (Merck,99%) well 
dissolved in 10 ml of acetone CH3COCH3 
(Merck,99%) with 65 ml distilled water and 25 
ml of 1M sodium thiosulphate Na2S2O3 
(Aldrich,99%). After the solution color turned 
to orange-yellow then 1%,2%,3% and 4% CoCl2 
was added in the solution which turned its color 
to dark orange when stirred for 10-15 minutes 
on hot plate. The low bath temperature was 
maintained for about 4 hours. Then the films 
prepared were annealed at 250⁰ C for 2 hours 
under vacuum to enhance their crystallinity. The 
apparatus set up for CBD is shown in Fig. 1. 
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Figure 1. Experimental set up of CBD technique.  

2.2. Characterization techniques 
Thin films prepared by CBD technique were 
characterized by Raman spectroscopy and XRD 
(X-ray diffraction technique to study crystal and 
their structural properties. The XRD results 
showed the pattern of Co-doped Sb2S3 thin films 
which were achieved by Kα radiation with 1.542 
Å wavelength. The morphological characteristics 
of undoped and cobalt doped antimony sulfide 
thin films were detected by SEM. UV/Vis 
Spectrometer was used to measure the optical 
properties like transmission, energy gap and 
absorption coefficient etc. of the films in the 
range of 400-900 nm. 
 
3. Results and Discussions 
3.1 X-Ray Diffraction (XRD) analysis  
The XRD plots of prepared films matched with 
standard pattern of Sb2S3 with JCPDS card # 01-
0142-1393 which can be seen in Fig. 2(a). The 
XRD plot of undoped and Co-doped Sb2S3 thin 
films with varying cobalt concentrations is 
shown in Fig. 2(b). It was observed that the films 
were poly crystalline, well deposited and 
adhesive. The XRD results showed the 
crystallinity of thin films in 2θ range of 20⁰-90⁰. 
The change in peak positions towards lower 
angle is due to the difference in ionic radii of 
Sb+3 (0.90 Å) and Co+2 (0.65 Å) which resulted 
in distortion in the lattice. This distortion in the 
lattice is also evident from the increase in lattice 

parameters, hence lattice was expanded. On 
further increasing the dopant concentration, 
diffraction peaks are broadened and correspond 
to amorphous nature, as shown in Fig. 2 (d, e) 
leading to poor crystallinity. The replacement of 
Sb+3 having ionic radius of 0.90 Å with Co+2 
having ionic radius of 0.65 Å induces stress in 
the crystal and may cause dislocation of the 
atoms. This fact is obvious as the dislocation 
density increases with increasing dopant 
concentration. These XRD plots displayed a 
slight increase in full width half maximum 
(FWHM) which might be due to decrease in 
thickness of thin films and no further distinctive 
peaks of cobalt were observed which confirmed 
the crystallinity of the antimony sulphide thin 
films with increasing cobalt concentrations 
similar peaks were observed previously [24]. The 
structural parameters such as crystallite size, 
dislocation density and lattice parameters were 
calculated by XRD pattern in Fig 2. These 
calculated structural parameters are shown in 
Table I, which shows reduction in crystallite size, 
increase in dislocation density with varying 
cobalt concentrations. The researchers such as 
[25-27] revealed the corresponding results. It can 
be observed that the films have identified peaks 
which are well-equivalent with standard patterns 
showed enhancement in crystallinity of 
deposited films.  
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Figure 2. XRD pattern of Co-doped Sb2S3 thin films. 

 
The structural parameters such as crystallite size, dislocation density and lattice parameters etc., for 
cobalt doped and undoped Sb2S3 thin films calculated by plots of XRD to obtain its microstructure 
characteristics. The grain size < 𝐷 > is calculated by Scherrer’s equations: 

𝐷 =  
𝐾𝜆

𝛽 cos 𝜃
                                 (1) 

where 𝜆 = 1.542 Å is the X-ray wavelength, 𝛽 gives FWHM from Fig. 2, the k is the constant have value 
of 0.9 and 𝜃 gives the Bragg’s angle from XRD plot.  
The lattice constants which is “a”, “b”, and “c”, were  estimated by the relation below [28]: 

1

𝑑2 =  
ℎ2

𝑎2 +
𝑘

𝑏2 +
𝑙2

𝑐2                          (2) 

The dislocation density (𝛿) and lattice strain (𝜀) for pure and cobalt doped antimony sulfide thin films 
was estimated by: 

ẟ =  
1

𝐷2                                            (3) 

ε =  
β

tanθ
                                         (4) 

Whereas, X-ray density (𝜌) and unit cell volume (V) was estimated by: 
𝑉𝑐𝑒𝑙𝑙 = 𝑎𝑏𝑐                                      (5) 

𝜌 =  
𝑍𝑀

𝑁𝐴𝑉𝑐𝑒𝑙𝑙
                                         (6) 

 
where 𝑁𝐴 is the Avogadro number, Z is the 
number of molecules in formula unit, M is the 
molar mass. The calculated above mentioned 
structural parameters can be seen in Table I. 
Crystallite size observed to be decrease from 19 
nm to 10 nm with increasing cobalt 
concentrations. It showed crystallinity of Sb2S3 

thin films. While dislocation density increased 
from 2.7 x 10-3 nm-2 to 11.2 x 10-3 nm-2 which 
shows the increment of deformation in the 
crystal, caused due to defects produced by 
doping. Lattice strain also reduced from 2.52 to 
4.22, results in the decrease of crystallite size 
with increasing cobalt concentrations.  
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Table I. Microstructural parameters for pure and Co-doped Sb2S3 thin films from XRD 
patterns. 

Parameters                      1%                 2%                   3%                    4% 
a (Å)                                11.25             11.22              11.23                 11.25             
b (Å)                                11.33             11.31              11.313               11.33  
c (Å)                                3.83                3.84                3.841                 3.83        
Vcell(Å)3                           488.18           487.55           488.38               488.18     
ρ (g/cm3)                        3.72                3.73                3.72                   3.728    
D (nm)                            19                    13                   11                      10 
δ (nm-2)                          2.7 x 10-3        5.9 x 10-3       8.2 x 10-3          11.2 x 10-3 

 𝜀                                      2.52                2.86                3.39                  4.22          
 
3.2 Raman spectroscopy: 
The prepared thin films were analyzed by raman 
spectroscopy which gives the details of 
vibrational modes in solids. The raman spectral 
region for pure and cobalt doped Sb2S3 thin 
films shown in Fig. 3 ranges from 200 cm-1- 500 
cm-1 [29]. The broad raman band for pure Sb2S3 

film is positioned at 250 cm-1 with high intensity 
which then decreased by increasing cobalt 
concentrations also reported in literature earlier 
which shows the crystalline nature of pure and 
cobalt doped Sb2S3 thin films [30]. The raman 
spectra in Fig. 3 showed only two modes of 
vibrations i.e., Sb-Sb and Sb-S. 

 

 
Figure 3. Raman spectra of pure and cobalt doped Sb2S3 thin films. 

 
3.3 Scanning electron microscopy (SEM) 
results 
The SEM micrographs of pure and cobalt-doped 
antimony sulphide thin films with different 
cobalt concentrations of 1%, 2%, 3% and 4% 
are shown in Fig. 4. The given SEM micrographs 
showed varying grain size upon addition of 
cobalt. The pure antimony sulphide thin films 
showed well deposition of solid grains with 
diameter of about 107 µm. The SEM 
micrographs in Fig. 4(a) indicates the irregular 
distribution of excessive growth of particles on 
the surface  Sb2S3 samples which was also 
observed in recent studies of Sb2S3 thin films by 

CBD [31] It can be seen in Fig. 4(b) the uneven 
distribution of irregular growth of spherical 
particles on the sample of Sb2S3 thin films which 
was also observed earlier in the literature in the 
preparation of Sb2S3 thin films with CBD 
method [28]. The cobalt-doped Sb2S3 thin films 
are evenly distributed and the particles are 
agglomerated upon increasing cobalt 
concentration that is reported to be common in 
chemical bath deposited Sb2S3 films. The 
incorporation of cobalt in Sb2S3 thin films 
observed to increase the homogeneity of thin 
films with decreasing number of surface particles 
as well as slight increase in film thickness. These 
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results may be caused by the generation of new 
nucleation centers due to Co-doping[32]. It 
showed the variation in the nature and size of 
grains upon addition of increasing Co-
concentrations. We have an idea that Sulphur 
placement may be filled by cobalt in Sb2S3 films 
which increase its lattice volume. The particles 
are found to be dense at higher Co 
concentrations which leads to the firmness of 

films and reduction in surface unevenness. The 
grain size estimated to be 94 µm, 92 µm, 90 µm 
and 87 µm for varying cobalt concentrations 1%, 
2%, 3% and 4% Co-doped Sb2S3 thin films 
respectively, which showed compactness of thin 
films [33]. The SEM micrographs confirmed the 
reduction in inter-particle distances with 
increasing cobalt concentrations in antimony 
sulphide films [34].  

 

 
 

Figure 4. Scanning electron micrographs for pure Sb2S3 and varying Co concentration 
(a) Sb2S3 (b) 1%, (c) 2%, (d) 3% and (e) 4% 

 
3.4 UV-visible spectroscopy results 
The cobalt doped Sb2S3 thin films prepared by 
CBD method were characterized by UV/Visible 
spectroscopy which gives information about 
their optical constants such as absorbance, 
transmittance band gap etc. The UV-plot of pure 
and Co-doped Sb2S3 thin films for absorbance 
are shown in Fig. 5(a). It can be seen that the 
absorption plot ranges from 400 nm-900 nm. 
Thin film shows maximum absorbance in the 

range of 500 nm-700 nm in the visible region. 
The λmax for pure and 1% Co-doped Sb2S3 thin 
films is at 500 nm while that for 2%,3% and 4% 
is below 400 nm. This increased absorbance lead 
to decreased transmittance in visible region 
supports that these films will be used as an 
absorber layer and produce high values of 
current [10]. 
As UV-visible spectroscopy measures absorbance 
so transmittance is calculated by [35]: 

                                                       𝑇 = 2 − log 𝐴                                        (7) 
Where A is the absorbance. The transmittance 
spectra of pure and 1% Co-doped Sb2S3 thin 
films are shown in Fig. 5(b) which shows low 
transmittance of about 40%. It can be seen that 
2%, 3% and 4% cobalt-doped films have high 
transmittance of about 45%, 50% and 60 % 
respectively in visible region as compared to 
40% transmittance of pure and 1% Co-doped 

Sb2S3 thin films in Fig.5(b). These transmittance 
spectra revealed that transmittance increases 
with the increasing cobalt concentrations in 
Sb2S3 thin films which might be due decrease in 
thickness of films which also shows reduction in 
crystallite size measured from XRD and particle 
size from SEM, similar cases were also reported 
in literature earlier [22].  This increased 
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absorbance (decreased transmittance) proved 
that these Co-doped Sb2S3 thin films will 
generate high photocurrent when used as 

absorber layers in heterojunction thin film solar 
cells [10] .    

  
  

Figure 5 (a) Absorbance and (b) Transmittance of pure and Co-doped Sb2S3 thin films with 
1%,2%,3% and 4% Co concentrations. 

 
The absorption coefficient α for Co-doped Sb2S3 thin films was evaluated by transmittance using 
following relation [25]: 

                                                             𝛼 =  
1

𝑑
ln(

100

𝑇%
)                                 (8) 

 
Where d gives the film thickness. The plot of 
absorption coefficient α is shown in Fig. 6(a). 
The value of absorption coefficient has great 
impact on solar conversion efficiency. The pure 
and Co-doped Sb2S3 thin films have high 
absorption coefficient of the order of 104 cm-1 

ranges from 600 nm-900 nm which showed that 
material can be used as suitable candidate for 
absorber in solar cell applications [36].  
 
 The refractive index (n) for Co-doped Sb2S3 thin 
films was evaluated by given equation [34]: 

                                                               𝑛 =  
1+√𝑅

1−√𝑅
                                          (9) 

 
Where R is reflectance of Co-doped Sb2S3 thin 
films which was calculated by A+T+R=1. The 
refractive index n, of cobalt doped Sb2S3 thin 
films is shown in Fig.6(b). The energy band gap, 
refractive index and absorption coefficient of 
cobalt doped antimony sulphide thin films are 
compared in Table II. The refractive index 
decreases at higher wavelength for higher cobalt 
concentrations. It was found to be suitable as 

good absorber applications and also may be 
suitable for use as an anti-reflection coating the 
same case was reported earlier in [37]. 
 
The crystallinity and smoothness of pure and 
Co-doped Sb2S3 thin films was found by 
extinction coefficient k, by formula given below 
[38]: 

                                                                       𝐾 =  
𝛼𝜆

4𝜋
                                        (10) 
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The wavelength versus extinction coefficient 
plot can be seen in Fig. 6(c). This plot shows that 
the value of extinction coefficient was higher at 
400 nm-500 nm, which started to decrease from 
600 nm-900 nm which showed compactness, 

crystallinity, levelness and uniformity of thin 
films. 
 
The optical band gap energy value Eg of was 
cobalt doped Sb2S3 thin films measured by 
Tauc’s equation:    

                                                          (𝛼ℎ𝜐)𝑛 = 𝐴(ℎ𝜐 − 𝐸𝑔)                       (11) 
 
where n = 2, 1/2, 2/3 depend on allowed direct-
, allowed indirect-, and forbidden direct 
transitions respectively, A is constant, h is planks 
constant and α is absorption coefficient. The 
pure and Co-doped Sb2S3 thin films with varying 
cobalt concentrations have indirect band gap 
from 0.56 eV-0.95 eV which can be seen in 
Fig.7. This increasing pattern of band gap energy 
might be due to slight disruption of system and 
reduction in localized state density or phase 
variation due to higher cobalt concentrations. It 
has also been reported earlier that incorporation 

of cobalt in chalcogenide materials increases 
band gap energy due to shifting of Fermi level.  
The chalcogenide thin films observed to have 
high defects  doping of cobalt in Sb2S3 thin films 
decrease unsaturated defects which results in 
saturated bonds, might be the reason for 
increase in band gap energy [39, 40]. These 
bandgap energy values are given in Table II 
which supports literature [41] and also 
contribute to its use in large scale energy 
generation. 

 

 
 

Figure 6. The plot (a) absorption coefficient α, (b) Refractive index n, (c) Extinction coefficient k of 
pure and cobalt doped Sb2S3 thin films with 1%,2%,3% and 4% Co concentrations. 
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Figure 7. Bandgap energy values for pure and Co-doped Sb2S3 thin films. 

 
  Table II The comparison of optical parameters of Co-doped Sb2S3 thin films. 

Sample                       Eg(eV)                  αx104 cm-1               n                
Pure Sb2S3                   1.69                         10.21                    0.19             
1% Co-Sb2S3                1.70                           6.82                      0.11                             
2% Co-Sb2S3                1.98                           1.85                      0.03                       
3% Co-Sb2S3                2.10                           8.35                      0.04     
4% Co-Sb2S3                 2.19                          0.53                      0.02                    

 
4. Conclusion 
To enhance the absorption and various 
structural and optical parameters of antimony 
sulphide thin films, Sb2S3 is doped by different 
cobalt concentrations. We have deposited the 
Co-doped Sb2S3 thin films by CBD technique 
optimized at low temperature of about 10⁰ C 
which was annealed at 250 ⁰C. The prepared 
films were characterized by X-ray diffraction 
(XRD) from which we observe the structural 
parameters of thin films which showed that Co-
doped Sb2S3 thin films were well covered and 
showed adhesive property of films. It was also 

observed that films were polycrystalline in 
nature, their crystallite size decreased and 
dislocation density increased with increasing 
cobalt concentrations. The prepared films were 
also characterized by raman spectroscopy. The 
undoped and Co-doped Sb2S3 thin films were 
also observed by the characterization of scanning 
electron microscopy (SEM) which showed 
reduction in grain size and the particles become 
dense with increasing cobalt concentrations 
which showed compactness of films with uneven 
distribution of particles. These films were also 
characterized by UV/Visible spectroscopy from 
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which we observed that the films showed high 
absorbance in the range of 500 nm-900 nm and 
high transmittance of about 60 % in the 
wavelength ranges from 500 nm-900 nm can be 
seen for 3% cobalt concentration. The prepared 
pure and Co-doped Sb2S3 thin films were 
observed to have indirect band gap from 0.56 
eV-0.95 eV, low refractive index and also have 
high absorption coefficient of the order of 104 
cm-1. It can be concluded from the above 
discussed structural, morphological and optical 
parameters that the cobalt-doped antimony 
sulfide thin films can be used as perfect material 
for optoelectronics as solar cell absorber material 
and can also be used as an anti-reflection 
coating. 
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