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1  Introduction

The demand of energy is continuously increasing world-
wide, and as a result, the environmental degradation is also 
increasing. In order to avoid problems encountered in the use 
of fossil energy, an intensive research activity is being car-
ried out in solar energy conversion process. Thin film solar 
cells have engrossed an increasing interest with the aim of 
reducing the cost to make it energy efficient [1]. In the thin 
film based solar cells, numerous chalcogenide semiconduc-
tors such as SnS, SnSe, GeS, and GeSe are realized as the 
potential materials for solar photovoltaic conversion [2]. 
Due to their enhanced optoelectronic properties, these two-
fold compounds are conceivably used in optoelectronic and 
photoconductive devices [3, 4]. Tin chalcogenides, IV–VI 
compound semiconductors, have been attracting extensive 
importance in the field of photovoltaic energy conversion 
[5, 6]. Tin disulfide (SnS2) is a PbI2-like layered material, 
in which the tin atoms are positioned in octahedral sites of 
the hexagonal structure, in between two hexagonally close 
packed sulfur slabs, to form a sandwich structure [3]. As a 
layered material, the SnS2 has interesting properties to be 
useful for thin film solar cells. Its band gap energy is varying 
in a wide range between 0.8 and 2.88 eV [7, 8]. The constitu-
ent elements which form SnS2 are cheap and non-toxic. It 
can be used as an active window layer in the place of CdS. 
Thin films of SnS2 can be formed as a single phase mate-
rial by vapor phase methods [9]. It has been studied using 
variety of techniques such as chemical deposition [10], spray 
pyrolysis [11], chemical vapor transport [12], SILAR [3, 
13], ultrasonic spray pyrolysis [1], electron beam evapora-
tion [14], and electro-deposition [15]. Each technique has 
its own advantage and disadvantage to produce quality thin 
films. Though there are a variety of techniques, researchers 
are more interested in a method which is more economical, 
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expedient for large area deposition of highly smooth and 
uniform films well adhered to the substrates. In this way, 
nebulizer spray pyrolysis (NSP) technique is simple and 
inexpensive method compared to other methods. The nebu-
lizer spray method was adopted to deposit SnS2 thin films 
at 325 °C temperature in this work. Sulfur concentration 
and other deposition parameters were optimized to get high-
quality films. The main aim was is to prepare SnS2 thin films 
by varying sulfur molarities as 0.8, 0.9, and 1.0 M using 
nebulizer spray pyrolysis (NSP) technique and to character-
ize them for the thin films solar cells application.

2 � Experimental

2.1 � Materials

In the typical synthesis procedure, analytical grade tin (IV) 
chloride (SnCl4) and thiourea were used as source materi-
als for Sn and S ion respectively. Excess concentration of 
thiourea was taken to compensate for the sulfur loss during 
deposition process [16] of SnS2 layers.

2.2 � Method

Figure 1 shows the schematic block diagram of nebulizer 
spray pyrolysis (NSP) experimental set-up, which com-
prises a purified ambient air compressor and pressurized 
air storage tank with air flow regulator, nebulizer kit with a 
L-shaped mist guiding tube which is a glass tube of 50 mm 
inner diameter and a controlled electrical heating furnace. 
The compressed air is allowed to flow through the nebulizer 
having the precursor solution. Nebulizer, having 0.5 mm of 
nozzle diameter changes the precursor solution into very 
small droplets due to the double collision process of the 
compressed air with the precursor solution.

When the aerosol touches the heated glass substrates, 
evaporation of solvent takes place from the outer surface of 
the droplets due to the diffusion of heat in to the droplets, 
followed by a heterogeneous reaction [17], which leads to 
the formation of thin films on the glass substrates.

Parameters used for the deposition of tin disulfide thin 
films are;

Solvent	� 3:1 ratio of isopropyl alcohol and 
water

Tin molarity (Sn)	� 0.5 M
Sulfur molarity (S)	� 0.8–1.0 M
Substrate temperature	� 325 °C
Volume of the solution	� 5 ml

Glass substrate of about 25 × 25 mm area was cleaned by 
liquid detergent and soaked in newly prepared hot chromic 
acid for 1 h and then systematically cleaned using ultrasound 
in the double-distilled water and acetone medium. Finally, 
the glass substrate was dried using hot air drier before the 
deposition of SnS2 films. In the present work, the solvent 
used was isopropyl alcohol and water with 3:1 ratio, in 
which the isopropyl alcohol was taken as the major content 
of the solvent to avoid the oxidation of the SnS2 thin films 
during deposition and to avoid the formation of tin oxides.

2.3 � Characterization

X-ray diffraction (XRD) study was used to characterize the 
grown SnS2 films. Structural properties such as crystal-
line phase, grain size, dislocation density, strain etc. were 
analyzed using X-ray diffraction studies. Optical transmit-
tance of the film was obtained using UV-Vis-NIR double 
beam spectrometer. The morphological examination was 
done using scanning electron microscope (FEI Quanta 200 
ESEM) and resistivity measurement of the films was carried 
out with the help of Keithley 2450 source meter unit (SMU).

3 � Result and discussion

3.1 � Structural characterization

Figure 2 shows the XRD patterns of nebulizer sprayed SnS2 
films coated with sulfur concentrations of 0.8, 0.9 and 1.0 M 
at 325 °C. As seen in Fig. 2, an increase in sulfur concen-
tration has increased the crystallinity and the preferential 
orientation along (0 0 2) plane of hexagonal structure. The 
2θ values observed at 14.63°, 14.68°, and 14.74° for sul-
fur concentrations of 0.8, 0.9 and 1.0 M respectively, are 
closely matched to the results of Panda et al. [18] with 2θ 
value of broad peak at 14.88° for dip coated SnS2 thin films 
and Vijayakumar et al. [19] with 2θ value of broad peak at Fig. 1   Schematic diagram of NSP Technique
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14.45° for spray deposited SnS2 thin film. Whereas, sulfur 
concentration 0.8 M shows an extra peak at 38.17° which 
attributes to mixed phases of SnS2 and SnS as reported by 
Messaoudi et al. [1]. It is reported that the SnO2 phases can 
also be formed during the pyrolysis, if the substrate tempera-
ture is kept above 350 °C [5]. In the present work, the sub-
strate temperature is kept constantly at 325 °C, by which the 
formation of oxide phases is avoided. The XRD results also 
elucidate that the prepared SnS2 thin films are not having any 
peaks correspond to the oxides of tin. It is also noticed from 
Fig. 2 that the mixed phase found, for sulfur concentration 
0.8 M, is disappeared on increasing the sulfur concentration. 
These results indicate that precursor’s molar ratio controls 
the phase purity and phase composition of nebulizer sprayed 
thin films.

Texture quality of prepared SnS2 thin films was calculated 
using the Harris equation [20, 21]. The pole density (Pi) was 
calculated by using the expression given in equation (1) [21]. 

where Ioi and Ii are the total intensities of reference and dif-
fraction peaks of the film, respectively and N is number of 
peaks present in the XRD pattern.

Orientation factor was calculated using the Eq. (2) [21, 
22] 

Calculations by inverse pole figures method reveals 
texture growth along (0 0 2) plane for SnS2 films. The 
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direction of texture growth coincides with the growth 
direction of most crystallites of SnS2 thin films [21, 23]. 
Calculated orientation factors of the films are as shown in 
Table 1, it shows high values of texture growth. Samples 
deposited at 1.0 M concentration shows orientation fac-
tor of 0.68; while decreased sulfur concentration 0.9 M 
leads to a decrease in orientation factor to 0.61. For fur-
ther decrease of sulfur concentration to 0.8 M, the growth 
texture of the layers decreased slightly to 0.52; this trend 
of change is similar to the results reported by Opanasyuk 
et al. [22].

Average crystallite size of SnS2 films was determined 
from predominant XRD peak (002) using Scherrer Eq. (3) 
[24], 

where k = 0.9 the numerical shape factor which is a constant, 
D is crystallite size, λ is wavelength of incident radiation, 
β is the FWHM in radians, and θ is Bragg angle taken in 
radians. The crystallite size is increased with sulfur con-
centration, which is evident from the decrease in full width 
at half maximum (FWHM) value of (0 0 2) XRD peak [24].

Dislocation density (δ) was calculated from crystallite 
size using Eq. (4) [25, 26]. 

Also strain (ε) of tin sulfide (SnS2) film was calculated 
using the Eq. (5) [26, 27] 

The variation of dislocation density of SnS2 thin 
films with various sulfur molar concentration is given in 
Table 2. It shows decrease of dislocation density and strain 
for the increase of sulfur molarity from 0.8 to 1.0 M. This 
can be attributed to the improvement in crystallinity due to 
regular arrangements of atoms in crystal lattice at higher 
sulfur concentration [25].
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Fig. 2   XRD patterns of SnS2 thin films prepared different sulfur 
molarity for S-1.0M, S-0.9M, and S-0.8M

Table 1   Results of the calculation of the texture pole density (Pi) 
and orientation factor (f)

Sulfur molar concentra-
tion (M)

h k l Pole density (pi) Orienta-
tion factor 
(f)

0.8 0 0 2 1.7 0.52
0.9 0 0 2 2.1 0.61
1.0 0 0 2 2.2 0.68
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3.2 � Raman analysis

Raman spectra of SnS2 thin films obtained in the wave-
length range 50–1000 cm−1 at room temperature are shown 
in Fig. 3. All the films exhibited Raman peaks correspond to 
SnS2. The intense peak observed at 312 cm−1 for all the films 
is assigned to the A1g mode of SnS2 [28] structure. Intensity 
of the Raman peak 312 cm−1 is increased for the increase of 
sulfur concentration from 0.8 to 1.0 M and the FWHM of 
the decreased with the increase sulfur concentration. This 
attributes to the improvement in crystallinity of the film [18]. 
Appearance of only A1g mode confirms growth of single-
phase as indicated by XRD study [21]. Low FWHM value of 
dominating A1g mode Raman peak indicates high structural 
quality of the deposited films.

3.3 � FTIR analysis of SnS2 thin films

FTIR spectra obtained for SnS2 thin films in the wave num-
ber range 400–4000 cm−1 are as shown in Fig. 4. It reveals 
typical absorbance at 3506, 2040, 682 and 573 cm−1 proving 
the presence of hydroxyl groups, C=C and Sn–S groups in 
all the three samples. The weak absorption peak displayed 
at 3506 cm−1 is attributed to the O–H stretching vibration 

of surface adsorbed water in the thin film samples [29]. 
Also, the presence of water is confirmed by its bending 
vibration observed at 1445 cm−1, as reported with a nearest 
absorption peak by Mani et al. [30]. The small absorption 
peaks observed at 573 and 682 cm−1 are probably due to the 
stretching vibration of Sn–S bond [30]. The peak appeared 
around 2040 cm−1 could be ascribed to C = C vibration 
which may be due to the organic contamination from the 
solvent used [30, 31]. These characteristic peaks of SnS2 in 
FT-IR analysis are supported by XRD result confirming the 
presence of SnS2 thin films.

3.4 � Morphological analysis of SnS2 thin films

SEM images of SnS2 thin films coated using different sul-
fur concentration from 0.8 to 1.0 M are shown in Fig. 5. 
Pinholes and cracks free uniform deposition of films are 
observed which clearly display the molar concentration 
dependent variation of surface morphology. As seen from 
Fig. 5a, the concentration 0.8 M has given needle-shaped 
grains without cracks [32]. Figure 5b, the SEM image of 
the film deposited for 0.9 M concentration of sulfur, dis-
plays many pores with rod-shaped grains [33]. Films coated 
with 1.0 M sulfur concentration have basket knitting shape 
arrangement of rod-shaped grains with many pores which 
can be inferred from Fig. 5c. It is inferred that the grain 
size is increased with the increase of sulfur concentration. 
Increased sulfur concentration promotes grain growth and 
sintering. The porous nature of SnS thin films renders an 
increased surface area, which is beneficial for the excitonic 
hybrid inorganic–organic solar cells [34].

Table 2   Structural parameters of deposited SnS2 thin films in various 
sulfur concentration

Sulfur molar 
concentration 
(M)

Crystallite 
size (nm)

Dislocation density 
(δ × 1015 lines. m−2)

Strain(ε × 10−3 
lines−2. m−4)

0.8 23 1.84 1.1
0.9 27 1.35 1.0
1.0 40 0.6 0.6

Fig. 3   Raman spectra of SnS2 thin films at different sulfur molarities

Fig. 4   FTIR Spectra of SnS2 thin films deposited with various sulfur 
concentration
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The cross-sectional SEM images of SnS2 films depos-
ited at different sulfur concentrations are also shown in 
Fig. 5. It can be inferred from the cross-sectional SEM 
that the prepared SnS2 films are almost pinhole free and 

the thickness of the films are increased from 1 to 1.5 μm 
with the increase of sulfur concentration from 0.8 to 
1.0 M.

Fig. 5   SEM and cross-sectional SEM image of SnS2 films prepared different sulfur molarities are a 0.8 M, b 0.9 M, and c 1.0 M
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3.5 � Compositional analysis

Representative EDAX spectra of SnS2 films deposited at var-
ious sulfur concentration are shown in Fig. 6a–c. The EDAX 
spectra confirm the presence of tin and sulfur in all the films. 
Atomic percentages of elements in various films are shown 
in Table 3. The non-stoichiometry of SnS2 observed may 
be due to either Sn2+ vacancies or elemental tin creating 
deep acceptor energy states with wide activation energy in 

the range 0.2 and 0.45 eV, where both are depending on the 
coating technique [35].

3.6 � AFM studies of SnS2 films

Surface topography of SnS2 thin films has been recorded 
using atomic force microscopy (AFM) system. 2D and 3D 
AFM images (5.0 µm × 5.0 µm) of SnS2 thin films with 
various sulfur concentration are presented in Fig. 7. These 
results confirm that root-mean-square (RMS) surface rough-
ness and the average size of the particles distributed over the 
surface depend on sulfur content. The 2D images indicate 
island-type formation of grown SnS2 films, which are the 
agglomeration of smaller grains (Volmer–Weber growth 
mechanism) [36]. Increase of sulfur concentration from 
0.8 to 1.0 M reduced roughness indicating uniform coat-
ing of the film. The RMS roughness value of SnS2 film for 
0.8 M concentration is about 60 nm, and it is decreased to 
28 nm for 1.0 M sulfur concentration. This similar report 
of roughness value decrease with sulfur concentration has 
been reported in literature [14]. Pore size and density of the 
films are also decreased with sulfur concentration increase.

3.7 � Optical analysis of tin disulfide (SnS2) thin films

Figures 8 and 9 show transmittance and absorbance spec-
tra of SnS2 films in the range of 400–1000 nm for differ-
ent sulfur molarity. It is perceived that there is a significant 
increase in transmittance for an increase in sulfur concen-
tration, which attributes increased absorption of the films 
at decreased sulfur concentration. Optical band gap (Eg) of 
SnS2 films was determined from Tauc formula [26].

where α is the absorption coefficient, A is a constant inde-
pendent on photon energy (hν), and h is the Planck’s con-
stant. The plot of (αһν)2 versus (һν) for the SnS2 film is 
shown in Fig. 10. Eg was determined by extrapolating the 
linear portion of the (αһν)2 versus (һν) plot to α = 0 and 
the bandgap values are tabulated in Table 4. The optical 
band gap of the films is varying with respect to the sulfur 
ratio which may lead to the change in the entire energy band 

(6)(�h�)2 = A
(

h� − Eg

)

Fig. 6   EDX spectrums of SnS2 films prepared different sulfur molar-
ities are a 0.8 M, b 0.9 M, and c 1.0 M

Table 3   Composition of SnS2 films deposited at various sulfur con-
centration obtained from EDAX analysis

Sulfur molar concentra-
tion (M)

Sn (%) S (%) S/Sn

0.8 37.92 62.08 1.6
0.9 30.53 69.47 2.2
1.0 28.57 71.43 2.5
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Fig. 7   Atomic force microscopy (AFM) images of SnS2 films deposited at different sulfur concentrations a 1.0 M, b 0.9 M and c 0.8 M
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structure [37] of the SnS2 material. The estimated optical 
energy gap of SnS2 films agree with the results reported by 
Yassin et al. [38]. Extinction coefficient of the films were 
calculated using the relation, [39]

Variation of extinction coefficient with wavelength for 
SnS2 films deposited at various sulfur concentration is 
shown in Fig. 11. Extinction coefficient is increased ini-
tially due to increased absorption. For further increase of 
wavelength, the extinction co-efficient is decreased, which 
is associated to the increasing transmittance and decreasing 
absorption coefficient [39].

The refractive index (n), an optical constant was calcu-
lated for the coated thin films using the following equation 
[40]. 

The variation of refractive index with wavelength, 
obtained for SnS2 films prepared with different sulfur con-
centrations (0.8, 0.9, and 1.0 M) at 325 °C is as shown in 

(7)k =
αλ

4π

(8)n =

(

4R

(R − 1)2
− k2

)1∕2

−
R + 1

R − 1

Fig. 8   Transmittance versus wavelength spectra of SnS2 films

Fig. 9   Absorption versus wavelength spectra of SnS2 films

Fig. 10   Plots of (αhv)2 versus photon energy, hν 

Table 4   Band gap value of 
deposited SnS2 thin films

Sulfur molar con-
centration (M)

Energy 
gap (Eg) 
eV

0.8 2.02
0.9 2.09
1.0 2.18

Fig. 11   Extinction coefficient versus wavelength spectra of SnS2 
films
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Fig. 12. Refractive index is increased from 2.49 to 2.8 for 
the increase of sulfur concentration. This increase of refrac-
tive index can be due to the increase of molar concentration 
which can make SnS2 more denser (increasing the packing 
density) which in turn decrease the propagation velocity 
of light through them. This behavior can also be explained 

based on the fact that the refractive index of bulk material 
is higher than the thin film. As the thickness increases at 
increased concentration, refractive index increases and 
according to inverse relation between refractive index and 
energy gap the band gap is increased [40].

3.8 � Photoluminescence studies

Photoluminescence (PL) measurement of SnS2 thin films 
was performed with the excitation wavelength of 300 nm and 
that is plotted in Fig. 13. The PL spectra recorded at room 
temperature consist of one strong peak located at the wave-
length of about 558.89 nm which can be ascribed to the near 
band edge emission (NBE) results from the recombination 
of free or bound excitons [41]. No change in peak position 
is observed for the change of sulfur concentration. The NBE 
peak observed at about 558 nm, corresponding to energy 
2.24 eV is slightly higher than the band gap calculated from 
UV–Vis analysis. The increase in the intensity of the NBE 
peak with the sulfur concentration is due to the enhancement 
of radiative recombination in luminescent process [42, 43].

4 � Electrical studies

The electrical characterization is important since it enables 
us to measure resistivity, mobility and carrier concentra-
tion giving insight into the mechanism of conductivity in 
semiconductors. The measured electrical properties, for the 
samples, are summarized in Table 5. It is observed that the 
resistivity is decreased with the increase in S ion concentra-
tion and it is ranged between, 6.09 × 102 to 0.11 × 102 Ω-cm. 
The film deposited with 1.0 M concentration shows very low 
resistivity values due to the higher crystalline size, as seen 
in Table 2. Also, Hall mobility has increased to a maximum 
value 8.27 × 102 cm2/V s for the increase of concentration 
from 0.8 to 0.9 M then decreased rapidly for the further 
increase to 1.0 M concentration. At low concentration, the 
crystallites cannot grow amply large, so that the inter crys-
tallite regions are wide to offer high resistivity to the mobil-
ity of charge carriers [44]. It has been observed that the type 
of conductivity depends on sulfur concentration. Conductiv-
ity type was tested from Hall measurements and confirmed 
by hot probe method. It is noted that the films grown at 

Fig. 12   Refractive index (n) versus wavelength spectra of SnS2 films

Fig. 13   PL spectrum of tin disulfide (SnS2) thin films deposited at 
different sulfur concentration

Table 5   Electrical Properties of 
SnS2 films deposited at various 
sulfur concentration

Sulfur molar con-
centration (M)

Resistivity 
(ohm-cm) × 102

Conductivity (1/
ohm-cm) × 10−3

Carrier concen-
tration (/cm3)

Mobility 
(cm2/V s) × 102

Type of 
conduct-
ivity

0.8 6.09 1.63 6.94 × 1013 1.47 P
0.9 1.84 5.43 4.09 × 1013 8.27 N
1.0 0.11 99.3 2.05 × 1015 3.01 N
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1.0 and 0.9 M of sulfur concentration showed n-type con-
ductivity. However, the films prepared with 0.8 M of sulfur 
concentration exhibited p-type conductivity. It might be due 
to the variation of stoichiometry of the films with 0.8 M 
concentration (Sn/S ratio is shown in Fig. 6) [32, 45]. Hence, 
the films were prepared, using the optimized concentration 
(0.9 and 1.0 M) of sulfur to obtain single phase n-type SnS2 
films which can be used as window layer in solar cells. This 
observation confirmed that conductivity type of SnS2 films 
can essentially be controlled by sulfur concentration. Hence, 
homo-junction can be easily formed by sequential deposition 
of n and p-type SnS2 layers using different sulfur concentra-
tion at same substrate temperature (Ts) in NSP technique 
[32].

5 � Conclusion

SnS2 thin films were coated using nebulizer spray pyrolysis 
technique by varying sulfur concentration. Improvement in 
structural and morphological properties of SnS2 thin film 
was inferred by changing the sulfur concentration. XRD 
study confirmed the hexagonal phase crystalline growth 
of SnS2 thin films with (002) plane preferred orientation. 
Concentration variation is also found to tune the morphol-
ogy of the films, different morphologies like sheets and rods 
have been obtained. EDAX study showed linear increase of 
atomic percentage of sulfur in the films for the change of 
precursor concentration from 0.8 to 1.0 M. Optical charac-
terization showed a band gap variation from 2.15 to 2.01 eV 
for sulfur concentration from 1.0 to 0.8 M, respectively. Sul-
fur concentration of 1.0 M has shown high transmittance 
compared to other concentrations. Minimum electrical resis-
tivity about 11 Ω.cm was obtained for SnS2 thin films pre-
pared at 1.0 M concentration. It could be inferred from this 
work that 1.0 M of sulfur concentration can yield superior 
quality SnS2 thin film useful for solar cell and photo detec-
tor applications.
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