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Optimization of S:Sn precursor molar concentration
on the physical properties of spray deposited

single phase Sn2S3 thin films
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Nanoneedle structured Sn2S3 thin films were prepared by spray pyrolysis technique from aqueous solutions of tin (II)
chloride and thiourea, keeping the molar concentrations of S:Sn = 0.01:0.01, 0.02:0.02, 0.03:0.03 and 0.04:0.04 in the starting
solutions. XRD studies reveal that all the films exhibit orthorhombic crystal structure with a preferential orientation along the
[2 1 1] direction. The peak intensity of the (2 1 1) plane is found to be maximum for the film coated with 0.02:0.02 S:Sn molar
concentration which confirms the improved crystalline nature of this film. SEM images depict that the film coated with S:Sn
molar concentration 0.02:0.02 exhibit needle shaped grains. The optical band gap exhibits red shift from 2.12 eV to 2.02 eV
with an increase in S:Sn precursor molar concentration. Electrical studies show that the films having S:Sn molar concentrations
0.01:0.01 and 0.02:0.02 exhibit minimum resistivity values of 0.238 and 0.359 Ω·cm, respectively.
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1. Introduction

Photovoltaic (PV) technology provides a signif-
icant fraction of the world’s energy demands, so
photovoltaic devices must be composed of cheap
and abundant materials. Tin based chalcogenide
materials appear to be very cheap and abundant
in nature. Tin forms a variety of sulfides, such
as SnS, SnS2, Sn2S3, Sn3S4, Sn4S5 and numer-
ous polysulfide anions. Among these sulfides, SnS2
and SnS exhibit layered structures while Sn2S3
exhibits ribbon like structure [1]. Sn2S3 normally
crystallizes in orthorhombic phase consisting of
infinite double rutile strings of SnIVS6 octahedra
parallel to the c-axis, with the Sn(II) atoms be-
ing attached laterally [2]. Sn2S3 is a direct forbid-
den semiconductor which has a band gap between
0.95 eV and 2.2 eV [3]. The high anisotropic con-
ductivity possessed by Sn2S3 make it suitable for
building photovoltaic p-n or p-i-n structures [4].
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Sn2S3 has been found to be suitable for preparing
heterojunctions applied in photoconductive sen-
sor applications. Sn2S3 films have been prepared
by several techniques such as spray pyrolysis [5],
plasma-enhanced chemical vapor deposition [6],
electro deposition [7], sol-gel dip coating [8],
molecular beam epitaxy [9] and SILAR [10].
Among these deposition techniques, spray pyrol-
ysis seems to be one of the most attractive tech-
niques for fabricating thin films due to its simplic-
ity, cheapness and capability to produce large area
coatings. In addition, spray pyrolysis technique re-
quires neither high quality substrates nor vacuum
at any stage. There are earlier reports on the fab-
rication of Sn2S3 films by spray pyrolysis tech-
nique [11, 12]. However, none of the above stud-
ies investigated the effect of precursor molar con-
centration on the structural, morphological, opti-
cal and electrical properties of Sn2S3 thin films.
Therefore, in this study, Sn2S3 thin films with dif-
ferent S:Sn molar concentrations were deposited
by spray pyrolysis technique and the effects of
precursor molar concentration on the structural,
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morphological, optical and electrical properties of
the films were studied.

2. Experimental
Sn2S3 films were fabricated by spray pyrolysis

technique from aqueous solutions of SnCl2·2H2O
(source for tin ions) and CS(NH2)2 (source for
sulfur ions). The molar concentrations of S:Sn in
the precursor solutions were kept as 0.01:0.01;
0.02:0.02; 0.03:0.03 and 0.04:0.04. To prepare the
spraying solution, required proportions of the pre-
cursor salts were dissolved in doubly deionized wa-
ter (30 mL in volume). Few drops of HCl was
added to improve the solubility of SnCl2. The so-
lution was stirred thoroughly using a magnetic
stirrer for 30 minutes and sprayed on glass sub-
strates maintained at 400 °C, with the help of com-
pressed air at a flow rate of 6 mL/min. The thick-
ness of the films was calculated using a stylus
type profilometer (SJ-301). X-ray diffraction pat-
terns and SEM images were obtained using X-
ray diffractometer (PANalytical-PW 340/60 X’Pert
PRO), scanning electron microscope (HITACHI S-
3000H), respectively. Optical and electrical studies
were performed using UV-Vis-NIR double beam
spectrophotometer (LAMBDA-35) and two point
probe setup, respectively.

3. Results and discussion
Fig. 1 shows the XRD patterns of Sn2S3

thin films prepared with different S:Sn molar
concentrations.

It is seen that all the films exhibit a single peak
at 2θ value approximately equal to 31.705° as-
signed to the (2 1 1) plane corresponding to or-
thorhombic Sn2S3 (JCPDS Card No. 75-2183). It is
also observed that the peak intensity of the (2 1 1)
plane is maximum for the film coated with the
spraying solution having S:Sn molar concentration
equal to 0.02:0.02, confirming its improved crys-
tallinity. The growth along the (2 1 1) plane ob-
served here exactly matches with the results re-
ported by Khadraoui et al. [3] for Sn2S3 thin films
prepared by spray pyrolysis technique. The lattice

Fig. 1. XRD patterns of Sn2S3 thin films prepared with
(a) 0.01:0.01, (b) 0.02:0.02, (c) 0.03:0.03 and (d)
0.04:0.04 S:Sn precursor molar concentrations.

parameters of the Sn2S3 films were calculated us-
ing the relation [13]:

1
d2 =

h2

a2 +
k2

b2 +
l2

c2 (1)

and the values are compiled in Table 1. It is ob-
served that the lattice parameters increase when the
molar concentration of sulfur and tin (S:Sn) in the
starting solution increases. This increase in volume
of the unit cell infers that the band gap values of
the Sn2S3 films should exhibit a red shift which
was justified from the Tauc’s plots (Fig. 4). The
increased d-spacing values observed with the in-
crease in S:Sn precursor molar concentration also
supports for the lattice expansion.

The crystallite size (D) of the films was calcu-
lated using the Scherrer formula [14]:

D =
0.9λ

β cosθ
(2)

where λ is the wavelength of the X-ray used
(1.5406 Å), β is the full-width at half maximum of
the strongest peak ((2 1 1) in this case) and θ is the
Bragg angle. The calculated D values of the films



Optimization of S:Sn precursor molar concentration on the physical properties of spray deposited. . . 395

Table 1. Thickness, structural parameters and electrical resistivity values of Sn2S3 thin films prepared from solu-
tions having different S:Sn precursor molar concentrations.

S:Sn precursor Thickness d(211) D ε×10−3 δ×10−14 Lattice parameters [Å] ρ

molar concentration t [nm] [Å] [nm] [lines/m2] a b c [Ω·cm]
0.01:0.01 90 2.8099 45.9 0.755 4.7489 15.554 5.620 5.659 0.238
0.02:0.02 122 2.8115 56 0.619 3.1931 15.563 5.623 5.662 0.359
0.03:0.03 176 2.8136 42 0.826 5.6773 15.575 5.627 5.666 1.095
0.04:0.04 206 2.8231 35.6 1.032 8.8709 15.627 5.646 5.685 6.38

are given in Table 1. The highest value of crystallite
size obtained for the Sn2S3 film coated with S:Sn
precursor molar concentration equal to 0.02:0.02
confirms its improved crystallinity. The strain (ε)
and dislocation density (δ) values of the films were
calculated using the formulae [15]:

ε =
β cosθ

4
(3)

δ =
1

D2 (4)

The calculated ε and δ values are presented
in Table 1. The minimum values of strain and
dislocation density obtained for the film with
S:Sn = 0.02:0.02 might be the reason for the in-
creased crystallite size observed for this film.

Fig. 2 shows the SEM images of Sn2S3 thin
films prepared from precursor solutions having dif-
ferent S:Sn molar concentrations.

The surface is composed of grains with flake
like structures for the film with S:Sn equal to
0.01:0.01 (Fig. 2a). With an increase in precursor
molar concentration, the surface gets modified with
needle shaped grains for the film with S:Sn molar
concentration equal to 0.02:0.02 (Fig. 2b). No nee-
dled grains are visible for the film coated with S:Sn
molar concentration 0.03:0.03 (Fig. 2c). The grains
appear to be spherical with reduced size. The sur-
face appears to be cloudy with no grains evinced
for the film coated with S:Sn precursor molar con-
centration equal to 0.04:0.04 (Fig. 2d). The uni-
formity and homogeneous nature observed for the
films coated with low precursor molar concentra-
tions (0.01:0.01 and 0.02:0.02) confirmed their im-
proved crystallinity.

Fig. 2. SEM images of Sn2S3 thin films prepared with
(a) 0.01:0.01, (b) 0.02:0.02, (c) 0.03:0.03 and (d)
0.04:0.04 S:Sn precursor molar concentrations.

Fig. 3 shows the transmission spectra of the as
deposited Sn2S3 thin films.

The film transparency decreases gradually as
the molar concentration of sulfur and tin (S:Sn) in
the starting solution increases. The reduced trans-
parency observed with the increase in precursor
molar concentration might be due to the increased
thickness obtained (Table 1). The increase in the
film thickness causes a decline in transmission due
to the surface scattering mechanism and rough-
ness [16]. It is also observed from Fig. 3 that the
absorption edge shift towards higher wavelength
side as the S:Sn precursor molar concentration
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Fig. 3. Transmittance spectra of Sn2S3 thin films.

increases, indicating a decrease in the optical band
gaps values. The band gap of the films are esti-
mated from Tauc’s relation connecting the absorp-
tion coefficient (α) and the photon energy (hυ) as:

αhν = A(hν −Eg)
n (5)

where A is an energy independent constant and
the exponent ‘n’ depends on the type of transition
(n = 1/2, 2, 3/2 and 3 for allowed direct, allowed in-
direct, forbidden direct and forbidden indirect tran-
sitions, respectively) [17]. The direct band gap val-
ues are determined from the Tauc’s plots (Fig. 4)
by extrapolating the straight line portion to the
energy axis.

Fig. 4. Tauc’s plots of Sn2S3 thin films.

The band gap values of the Sn2S3 films with
0.01:0.01, 0.02:0.02, 0.03:0.03 and 0.04:0.04 S:Sn

precursor molar concentrations were found to be
equal to 2.12 eV, 2.08 eV, 2.06 eV and 2.02 eV, re-
spectively. It is observed that the optical band gap
decreases as the molar concentration of sulfur and
tin (S:Sn) in the precursor solution increases and
this red shift in the band gap values may be due
to the quantum size effect [18]. The reduced band
gaps with increasing precursor molar concentration
may also be caused by deviation out of the S:Sn = 1
stoichiometry, which induces lattice faults in the
films [19].

The electrical resistivity values of Sn2S3 films
prepared from precursor solutions having different
S:Sn molar concentrations are listed in Table 1. It
is observed that the resistivity values increase when
the molar concentration of sulfur and tin (S:Sn) in
the starting solution increases. The increase in re-
sistivity with increasing precursor molar concentra-
tion might be due to the decreased grain size or in-
creased lattice defects [20].

Fig. 5 shows the room temperature PL spec-
tra of Sn2S3 thin films prepared from precursor
solutions having S:Sn molar concentrations equal
to 0.01:0.01 and 0.02:0.02, excited at wavelength
λ= 540 nm.

Fig. 5. PL spectra of Sn2S3 thin films coated with
0.01:0.01 and 0.02:0.02 S:Sn precursor molar
concentrations.

The low intensity luminescence peaks observed
in the films might be attributed to inter-impurity
transitions and larger stoichiometric deviations
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in the films. The peaks at 360 nm and 375 nm
may be attributed to higher level excitonic emis-
sions related to quantum confinement [21]. The
peak at 409 nm may result from the recombina-
tion between the sulfur-vacancy-related donor and
the valence band [22]. The peaks at 485 nm and
495 nm may be ascribed to defect centers attributed
to excitonic transitions which are size dependent
and excitation wavelength-independent in certain
wavelength range. S vacancy states are most likely
responsible for the peaks at 360 nm, 485 nm and
495 nm, respectively. The S vacancies act as deep
level traps for electrons and they can exothermi-
cally extract electrons from the valence band. This
is in accordance with the results reported by Sivara-
man et al. [23] for Mg-doped CdS thin films. The
emission peak at 521 nm may be due to the pres-
ence of electron hole recombination via trap states
or imperfection sites [24]. The peak at 537 nm can
be attributed to the presence of sulfur species on
the surface of the sample [25]. Vigil et al. [27]
observed a similar peak at 544 nm which they
attributed to sulfur interstitial acceptors I−s com-
pensated by a close ionized donor center. The
PL peak observed at 573 nm corresponds to ra-
diative recombination involving shallow levels in
the band gap due to native impurities. The emis-
sion peaks at 585 nm and 594 nm are due to de-
excitation of electron via the surface/defect states
present in the films. The electrons, after excita-
tion across the band edge, are transferred non-
radiatively to the surface states extending into the
band gap region [27]. The peak observed at 594 nm
is discussed in the literature as a donor-acceptor
pair (DAP) [28].

4. Conclusion
Spray pyrolysis technique has been successfully

employed to fabricate Sn2S3 thin films from pre-
cursor solutions having different S:Sn molar con-
centrations. From the structural studies, it has been
found that the film coated with S:Sn molar con-
centration equal to 0.02:0.02 had better crystalline
quality. SEM images confirmed that the precur-
sor molar concentration altered the film morphol-
ogy to a large extent and the film coated with

0.02:0.02 S:Sn molar concentration had better sur-
face morphology. Optical band gap was red shifted
with an increase in precursor molar concentra-
tion which may be attributed to quantum size ef-
fect. Film resistivity increased with an increase in
precursor molar concentration. From the obtained
results it can be concluded that 0.02:0.02 S:Sn
molar concentration is the optimized concentra-
tion for preparing Sn2S3 films with better physical
properties.
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