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a  b  s  t  r  a  c  t

SnS2 thin  film  was deposited  by  spray  ultrasonic  technique,  on  pretreated  glass  substrates.  The  effect  of
SnS2 concentration  on different  optical  properties  of  SnS2 thin  films  was  investigated.  X-ray  diffraction
study  indicates  that  films  have  a hexagonal  structure  with  preferential  plan  (0 0 1). SEM  characterization
eywords:
in disulfide
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olarity
ptical properties

technique  shows  that  the  morphology  of these  films  is uniform,  compact  and  granular.  The results  of
(UV)  spectroscopy  in visible  spectrum  show  that  films  deposited  at 0.07  mol/l  exhibits  the largest  trans-
mittance.  The  optical  energy  band  gap was  found  to be  in  the  range  2.53–2.88  eV.  The  SnS2 films  showed
average  electrical  resistivity  of  4.62  ×  103 � cm.

© 2015  Elsevier  GmbH.  All  rights  reserved.
ltrasonic spray technique

. Introduction

Currently there are investigations on novel materials for use in
hin films solar cells other than the more extensively studied CdTe
nd CuInSe2 [1]. But these materials suffer from environmental
azards and high cost of indium which are not beneficial for a mass
roduction [2]. Among the different new materials available for
olar cell fabrication, tin sulfide appears to be promising [1]. In the
hase diagram of the Sn–S binary system, there are three stoichio-
etric stable compounds, with different tin to sulfur ratios: SnS,

nS2 and Sn2S3 [3–5]. Tin disulfide (SnS2) is a semiconductor with
dl2 type structure [6]. It is a good light absorber (absorption coef-
cient of 104 cm−1) with a varying band gap energy (0.8–2.88 eV)
7–9] composed with non-toxic and abundant raw materials [6].
hese properties suggest that SnS2 is a good potential candidate as

 window material in thin film solar cells and optoelectronic device
pplications [10,11]. Moreover, SnS2 can also be used as anode
aterials for lithium-ion battery due to its high theoretical capac-

ties [12]. SnS2 thin films can be prepared by several techniques
uch as molecular beam epitaxy [13], chemical vapor deposition

14], vacuum evaporation [15,16], dip coating [6,17] and chemical
pray pyrolysis [9,18]. Among them, spray pyrolysis method is a
ost effective technique to prepare tin disulfide thin film, since it

∗ Corresponding author. Tel.: +213 773681758; fax: +213 33543190.
E-mail address: ab attaf@univ-biskra.dz (A. Attaf).

ttp://dx.doi.org/10.1016/j.ijleo.2015.11.149
030-4026/© 2015 Elsevier GmbH. All rights reserved.
is a low cost and can be used to deposit uniform coatings on large
surface area [19]. The present study deals with the preparation and
characterization of SnS2 thin film deposited on the glass substrate
at different molarity by ultrasonic spray method.

2. Experimental procedure

SnS2 films used in the present work are prepared using a home-
made ultrasonic spray deposition system (Fig. 1).

The sprayed solution is prepared from SnCl4 (5H2O) as a source
of tin and CS (NH2)2 as a source of sulfide. In order to investi-
gate the influence of SnCl4 molarity (MSn) on films properties, we
have prepared a solution with different molarities varying from
0.04 to 0.07 mol/l; however the thiourea molarity (MS) was  fixed to
0.1 mol/l.

The deposition conditions are summarized in Table 1.
The formation of SnS2 phase from a solution can be schematized

by the global reaction [17]:

SnCl4 + 2(NH2)2CS + 2O2 → SnS2 + 2NH4Cl2 + N2 + 2CO2

The structural studies were achieved using the diffractometer
Bruker D8 ADVANCED conducted a CuK� radiation source with a
wavelength � = 1.5418 Å length in the range 10–80◦. The samples

surface morphology was observed using a scanning electron micro-
scope JEOL JSM 6301F model from which we deduced the thickness
of the layers. A spectrophotometer UV–vis–NIR type “LAMBDA1050
PerkinElmer UV/vis/NIR Spectrometer” has been used in the range

dx.doi.org/10.1016/j.ijleo.2015.11.149
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
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Table  1
Parameters of deposit.

Molarity (mol/l) of SnCl4 (5H2O) Amount of solution (ml) Substrate temperature (◦C) Deposition time (min) Distance Nozzle-substrate (cm)

0.04 30 350 10 4.5
0.05
0.06
0.07
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Fig. 1. Schematic diagram of the ultrasonic spray technique.

00–1500 nm for films optical characterization. The films resistivity
easurement was achieved using four probes technique in dark

nd at ambient temperature.

. Results and discussion

.1. Structural study

The XRD diffraction spectra recorded in films prepared with
arious molarities are shown in Fig. 2.

The peak diffraction suggest that the obtained films are a SnS2
ith hexagonal structure (according to JCPDS card No 23-0677)
ith a preferential orientation in the plane (0 0 1) around the angle

� = 15, 02, this is consistent with the literature [20]. There is
mall difference for the peaks positions lattice parameters (a and
) between the experimental results and data. This may  be caused
y the defect in the cell of the crystal, which causes local changes

n the lattice parameters. The results are shown in Table 2
The films crystallite size (D) are calculated from XRD patterns

sing the Scherrer’s formula [21–25]

 = k�

 ̌ × cos �
(1)
here k is a constant (0.94),  ̌ is the (full width half maxi-
um)  FWHM value, � is the wavelength of CuK� radiation source

� = 1.5418 Å), and � is the Bragg angle.
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Fig. 2. XRD pattern of SnS2 thin film sam
Fig. 3. Dependence of strain and crystallite size on molarity (MSn).

The strain (ε) developed in the film was  estimated using the
following relation [26]

ε = ˇ  × cos �

4
(2)

The variation of crystallite size and strain with molarity are
showing in Fig. 3.

The crystallite size was varied in the range 12.35–16.98 nm. It
was approximatively constant in the range of 0.04 to 0.06 mol/l,
after the molarity of 0.06 mol/l, the grain size decreased. These val-
ues are comparable to those reported by Panda et al. [6] and Wei
et al. [27]. The strain varies in the range of 2.19 × 10−3to 2.82 × 10−3

with the variation of the molarity. The decrease in crystallite size
in the thin layers of tin disulfide is due to the rise of the stress,
this later is the results of internal strains [28]. Film prepared with
0.06 mol/l molarity has the minimum value of strain.

Knowing the crystallite size values one can estimate the disloca-
tion density

(
ı
)

, defined as the length of dislocation lines per unit
volume of the crystal has been calculated by using the Williamson
and Smallman’s formula [29]:
ı = 1
D2

(3)

100800

0,07mol/l

0,06 mol/l

0,05 mol/l

0,04 mol/l( 0 0 3 ) ( 0 0 4 ))

ple with different molarity (MSn).
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Table 2
Structural parameters of sprayed SnS2 thin films.

SnS2 JCPDS card
reference No
23-0677

Molarity (mol/l) 2� (◦) h k l planes Lattice parameters (Å) Crystallite size (nm) 2� (◦) Lattice
parameters (Å)

a c a c

0.04 14.97 (0 0 1) a = 3.628 15.92 15.02
30.06 (0 0 2) c = 5.914
45.09 (0 0 3)
62.22 (0 0 4) a = 3.648

0.05 15.00  (0 0 1) a = 3.623 15.09 30.26
30.06  (0 0 2) c = 5.905
45.88 (0 0 3)
62.22 (0 0 4) c = 5.899

0.06 15.04  (0 0 1) a = 3.613 16.98 46.1
30.24  (0 0 2) c = 5.889
45.99 (0 0 3)
62.46 (0 0 4)

0.07 15.08 (0 0 1) a = 3.603 12.35 62.96
30.10  (0 0 2) c = 5.873
45.90 (0 0 3)
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Fig. 5. The SEM micrograph of the SnS2 thin films deposited at different molarities
(A)  0 04 M,  (B) 0.05 M, (C) 0.06 M,  (D) 0.07 M.
ig. 4. The variation of number of crystallites and dislocation density with molarity
f SnS2 thin films.

Moreover, the number of crystallites per unit surface area can
e calculated using the following formula [28].

c = e

D3
(4)

here e is the film thickness which is about 0.85–2.35 �m and D is
he crystallite size. The variations of the dislocation density and the
umber of crystallites are shown in Fig. 4. The number of crystallites
ecreased with increasing molarity in contrary to the dislocations.

.2. Morphological study

The morphologies of the SnS2 films were studied by SEM are
hown in Fig. 5. The SEM micrographs show that the films have
he same morphology. They are rough, dense, compact and uni-
orm surface with less porosity and an arbitrarily distribution of the
ubbles. This protuberances and bumps have been reported also by
essaoudi et al. in their study [30]. Fig. 6 is an enlargement of the

EM images (A, B, C and D) shown in Fig. 5. From these micrographs
oiling phenomenon (explosion), probably due to the exo-diffusion
f sulfide during film growth [31].
Fig. 7 shows the results of EDS, as can be seen tin and sulfide
re present in a proportion variant around almost 35% and 65%,
espectively (atomic percentage), according to the variation of the
olarity these results are comparable to Amalraj et al. [18]. Other Fig. 6. Enlargement SEM images showing the phenomenon of explosion.
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Fig. 7. EDS analysis results (A) 0.04 M,  (B) 0.05 M,  (C) 0.06 M,  (D) 0.07 M.

lements with a small amount such as Si and oxygen are originat-
ng from the glass substrate, and Cl that comes from the starting
olution.

.3. Optical study
The optical transmittance with wavelength of tin disulfide films
as measured in wavelength range of 300–800 nm.  Fig. 8 shows the

ransmittance spectra of prepared SnS2 films. The absence of inter-
erences fringes in films transmittance spectra indicates that they

008006004

0

10

20

30

40

T
ra

n
s
m

it
ta

n
c
e

%

Waveleng th(nm)

0,04mo l/l

 0,05mo l/l

 0,06mo l/l

 0,07mo l/l

Fig. 8. Transmission curves for SnS2 at different molarity (MSn).
Fig. 9. The plot of (˛h�)2 vs. (h�) for SnS2 film.

have a should rough surface morphology. The observed increase in
the transmittance with increasing molarity is due to the reduction
of films thickness.

The plot of (˛h�)2 vs. h� for SnS2 thin film is shown in Fig. 9.
The linear nature of the graph indicates the existence of direct tran-
sition. The band gap is determined by extrapolating the straight
portion of the plot to the energy axis. The band gap (Eg) of our
films, was determined from the transmittance spectra using the
Tauc relation [32]:

(Ah�) = (h� − Eg)n (5)

where A is a constant, Eg is the optical band gap of the material
and the exponent n = 1/2 stands for the allowed direct transitions.
On the other hand, we  have used the Urbach energy (Eu),  which is
related to the disorder in the film network, as it is expressed follow
[33]:

A = A0 exp
(

h�
Eu

)
(6)

where A0 is a constant, h� is the photon energy and Eu is the Urbach
energy.

The optical gap decreases with increasing molarity and reaches
a minimum at 0.06 mol/l after what it increase while the disorder
varies inversely (Fig. 10). The values of optical gap are same with
those obtained by precedent studies [34,35]. The variation of the
optical gap and the variation of the crystallite sizes reveals that
the gap has an opposite behavior regarding the crystallite varia-
tion and as already mentioned above due to the small crystallite
size, we have a quantum restriction regime that may  modify the
electronic films properties. It is manifested by the appearance of

discrete energy levels. So the crystallite size decreases the optical
gap is widened. The widening of the gap is due to the reduction of
the disorder in the film [32]. The disorder is characterized by the
band tail width (valence and conduction). The optical gap is the
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Fig. 10. Variation of band gap energy and disorder of SnS2 at different molarity
(MSn).
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ig. 11. Plot showing variation in Resistivity of the samples with molarity (MSn).

nergy difference between the two band tail bands. Therefore, a
isorder reduction is accompanied by an expansion of the optical
ap [36].

.4. Electrical study

The variation of films resistivity with molarity is depicted in
ig. 11. It is observed that resistivity decreases with increasing
olarity. This is probably due to the increase in free carriers caused

y the increase of the concentration of the solution. The room tem-
erature resistivity is of the order of 103 � cm,  which is in good
greement with the reported value [37,38]. Sajeesh et al. [2] studied
he effect of molarity on electrical and structural properties of SnS
lms deposited by spray pyrolysis, and showed that the resistivity
f SnS films was decreased with increasing of molarity (Msn).

. Conclusions

The spray ultrasonic technique has been successfully used to
btain SnS2 films at various molarity. From the X-ray diffraction,
e inferred that films have am hexagonal structure with preferen-

ial orientation (0 0 1). The SEM images indicate that film are dense
ith a rough surface morphology due to the sulfur exo-diffusion.

DS analysis confirm the elemental films composition with sulfur
nd tin in a proportion around almost 35% and 65% respectively.
e conclude that the molarity variation alters the optical proper-

ies of SnS2films. High absorbance was detected for the molarity
.07 mol/l. The films had direct band gaps ranging from 2.53 to
.88 eV depending on the crystallite size. The films resistivity varies
rom 9.04 × 103 to 0.92 × 103 � cm.
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