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Structural, optical and electrical properties of Sn,S, thin films grown by
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Abstract: Tin sulfide (Sny S, ) thin films were prepared by a spray ultrasonic technique on glass substrate at 300 °C.
The influence of deposition time ¢t = 2, 4, 6, 8 and 10 min on different properties of thin films, such as (XRD),
photoluminescence (PL) and (UV) spectroscopy visible spectrum and four-point were investigated. X-ray diffrac-
tion showed that thin films crystallized in SnS,, SnS, and Sn;S3 phases, but the most prominent one is SnS,. The
results of the (UV) spectroscopy visible spectrum show that the film which was deposited at 4 min has a large
transmittance of 60% in the visible region. The photoluminescence spectra exhibited the luminescent peaks in the
visible region, which shows its potential application in photovoltaic devices. The electrical resistivity (p) values of
Sn, S, films have changed from 8.1 x 107 to 1.62 Q-cm with deposition time.
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1. Introduction

Tin chalcogenides are attractive semiconductor materials
and are potentially used as a solar celll!], holographic recording
medium!?, light-emitting diodes®], electrical switching! 5],
lithium-ion battery due to its high theoretical capacities!®), gas-
sensorl”- 8] and optical material”-%], etc. In the phase diagram
of the Sn—S binary system, there are three known stoichiomet-
ric compounds, with different tin to sulfur ratios: SnS, Sn;S3
and SnS,[1%712] that are the most interesting!'3~1] materi-
als according to a technological standpoint. In addition, the
tin sulfide SnS has many advantages for photovoltaic appli-
cations such as the gap that can approach the optimum for
the conversion of solar energy (1.50 eV)['¢ 171 Jow cost, non-
natural toxic and is easily developed because these components
are very abundant on earth('8]. Moreover, SnS, as an n-type
semiconductor, has a layered hexagonal structure with a larger
band gap varying (0.8-2.88 eV), it is a good light absorber
(absorption coefficient of 10* cm™1)15:19:201 it is known
for its intriguing optical and electrical properties and poten-
tial applications!]. Several deposition techniques have been
used to prepare tin sulfide thin films, including: the chemi-
cal bath deposition method (CBD)!??, thermal evaporation23],
RF sputtering[?#, electrochemical deposition[?>-2¢], hot wall
method[27], novel hydrothermal method[28], successive ionic
layer adsorption and reaction method (SILAR)[29-3% pulse
electro-deposition method!), spray pyrolysist32:33!, electron
beam evaporation®4l, plasma-enhanced chemical vapor depo-
sition (PECVD)[*%], and dip coating method[*®]. In this work,
structural, optical and electrical properties of Sn,S,, films were
studied through using the spray ultrasonic method with differ-
ent deposition times (2, 4, 6, 8 and 10 min).

2. Experimental procedure

Sn, S, thin films were deposited on glass substrates us-
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ing the spray ultrasonic technique. The spraying solution con-
sisted of a tin Chloride dehydrate (SnCl,-2H,0) and a thiourea
(CS(NH3)). The molarity of sulfide (Mg,) was 0.05 mol/L
and the molarity of thiourea (Mg) was 0.1 mol/L; both of them
were dissolved in methanol. The substrate temperature was
300 °C, the solution flow rate was 50 mL/h, the distance be-
tween the nozzle and the substrate was 5 cm and all of them
were kept constant. However, the spraying deposition time var-
ied from 2 to 10 min.

The films were characterized by means of structural optical
and electrical techniques. The X-ray diffraction studies were
carried out using a D8 ADVANCED BRUKER diffractometer
with a copper anode having a wavelength A = 1.5418 A. The
UV-vis—NIR transmittance measurements were performed.
An UV-vis—NIR (UVI-3101 PC SHIMADZU) spectrometer
has been used in the range 300-900 nm for the calculations for
the transmittance. The photoluminescence (PL) spectra of the
samples were obtained from the excitation of the 325 nm. The
electrical resistivity of films was measured by four-point.

3. Results and discussion

3.1. Structural studies

Figure 1 shows the variation of film thickness as a func-
tion of deposition time. At a low deposition time of 2 min, the
nucleation step is very short, and with an increase in the depo-
sition, the growth of the film becomes easier and linear. This
indicates that the deposition of atoms on the first layer becomes
faster with time; this was reported in the figure that inserts the
variation of the deposition rate with deposition time.

Figure 2 shows the XRD patterns of Sn—S thin films grown
at various deposition times, it can be seen that the films which
are formed at 2 to 6 min show a peak corresponding to the
SnS, hexagonal phase3”) (JCPDS card No 23-0677) with pref-
erential orientation in the plane (001) around the angle 20 =

© 2016 Chinese Institute of Electronics

032001-1



J. Semicond. 2016, 37(3)

I. B. Kherchachi et al.

1000
~ 100
)
'g 90
8004 £ %0
a 70
- z o0 .
g g s0
£ 60097 4
» &
Z Z 3
g 2 4 6 8 10
2 4004 Deposition time (min)
=
=
200 1 /
L]
0 T T T T T T

2 4 6 g 10
Deposition time (min)

Figure 1. The variation of the films thickness and growth rate as a
function of deposition time.

15.02°. The films grown at 8 to 10 min and the previous one
(2 to 6 min) show the same prominent peak corresponding to
SnS, whereas other peaks observed at 8 min of 26 values of
26.70°, 33.98° and 50.27° were found to match with reflec-
tions of minimum intensity from (111), (221) and (110) crys-
tallographic planes of Sn,S; and SnS; phase respectively. The
peak seen at 10 min of 26 values of 45.56° is found with re-
flections from the (002) plane of the SnS phase (JCPDS card
No 390354). Similar results about the formation of the SnS,
phase using the SnCl,-2H,0O precursor has been observed by
Reddy et al.138:39; they found that the SnS, phase of Sn—S
films obtained by spray pyrolysis became predominant as the
temperature increases to 300 °C. Our results differ from those
reported in the literature by Sajeesh et al.1*3! for the films de-
posited by spraying solutions with Sn: S of 1:2; Sn,S3 is the
main crystalline phase in the films grown at temperatures be-
low 300 °C.

A prominent (001) peak indicates that the crystallite struc-
ture of Sn—S films is oriented with their c-axis perpendicular to
the substrate plane, due to its surface energy and that the atoms
will arrange themselves into the plane with the lowest surface
energy[*?]. However, it can be suggested that this low surface
energy is referred by the increased deposition rate reported in
Figure 1. From the experimental results and data taken from
the JCPDS card No 23-0677, we see that there are slight dif-
ferences between the positions of the peaks and the lattice para-
meters (a and c¢). This may be caused by the manifestation of
a defect in the cell of the crystal, which causes local changes
in the lattice parameters. The obtained results are reported in
Table 1.

Information gleaned from the XRD profiles was used
to evaluate the crystallite size (D) using Scherrer’s for-
mulal#1—43];

KA
"~ Bcosh’

where k is a constant (0.94), B is the full width half maximum
(FWHM) value, A is the wavelength of the CuKe radiation
source (A = 1.5418 A), and 6 is the Bragg angle. The strain
(¢) developed in the film was estimated using the following
relation!#®l:
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Figure 2. X-ray spectra of the samples of Snx Sy : SnS3, SnS3, SnS.

The variations of the crystallite size together with the film
strain are reported in Figure 3. For the (001) plane, it was found
that the crystallite size increased from 11.61 to 19.36 nm with
increasing deposition time from 2 to 6 min and then it de-
creased to 11.22 nm for the deposition time of 10 min. These
values are comparable to those reported by Panda ez al.1*¢! and
Wei et al.!*7]. The reduction of the crystallite size which is be-
tween (8—10 min) is likely caused by the emergence of other
phases SnS and Sn, S5 corresponding to (111), (110), (221) and
(002) that lead to the detriment of orientation (001). In addition,
this reduction can be attributed to the force decreasing between
crystals attracting each other with the Van der Waals force be-
cause the substrate remained in the solution longer than neces-
saryl*8]. From these results we get to say that we have a weak
restriction regime[*®] because the crystallite size is very small,
of the order of the rayon of an exciton in a bulk material (rayon
of the exciton Bohr), less than 20 nm. By contrast, strain varies
in the range (1.87-3.24) x 103 with the variation of the depo-
sition time. The decrease in crystallite size in the thin layers of
Sn, S, is responsible for the growth of the strain. The reduction
of their sizes generates along the grain which shows stresses in
the networkl4%].

Using crystallite size values, the dislocation density (3),
defined as the length of dislocation lines per unit volume of
the crystal has been calculated by using the Williamson and
Smallman’s formulal>°!

Moreover, the number of crystallites per unit surface area
n. has been calculated using the following formulal*°]:
e
D3
where e is the film thickness, it is about 0.059-0.92 um, and D

is the crystallite size. The variations of the dislocation density
and the number of crystallites are shown in Figure 4. As seen,

4)

ne =

032001-2



J. Semicond. 2016, 37(3)

I. B. Kherchachi et al.

-0.18

E -0.16

E

L

N =]

° 0.14 E

= 2

s

& L0.12
-0.10

10 T T T T T T T T T

Deposition time (min)

Figure 3. Dependence of crystallite size and strain on deposition time.
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Figure 4. The variation of dislocation density and the variation of the
number of crystallites with the deposition time of Sny Sy, thin films.

the number of crystallites increased with increasing deposition
time. The same variation was observed by Guneri et al.[*7].
The dislocation decreased with increasing deposition time (2—6
min) then increased with increasing deposition time. The pref-
erential orientation of the dominant phase of the sample has
been determined by means of the texture coefficient (TC) us-
ing the expressionl>! 52!

[(hkl)/To(hk])
5 S 1kD)/ Io(hkl)

where Iy (hkl) is the standard intensity of the (hkl) plane,
I(hkl) is the observed intensity of the (hk!) plane, N is the
reflection number and 7 is the number of diffraction peaks. The
results were presented in Table 1. From the texture coefficient
calculations, it was found that the preferential orientation of
deposited films with different deposition times, namely 2, 4, 6,
8, and 10 min, was the (001) orientation.

TC(hkl) =

)

3.2. Optical studies

Figure 5 shows the optical transmittance measured in ac-
cordance with wavelength. The deposition time has a huge im-
pact on optical transmittance of the films. Through the obser-
vation of Figure 5 we can see that there is a lack of interference
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Figure 5. Transmission curves for Sny S, at different deposition times.

fringes due to the multiple reflections®3]; the absence of these
fringes in our films indicates that the texture appeared as rough.
It can be observed that when the deposition time increases, the
transmittance increases as well until 4 min, and decreases again
with further deposition time increase; this reduction refers to
the increase of thickness of films which is controlled by the
deposition time. The transmittance in the visible region for the
samples obtained from 2 to 10 min is around 10%—-60%. The
film deposited at 10 min has a higher absorbance than the oth-
ers.

The plot of (ahv)? versus hv for Sn, S, thin film is shown
in Figure 6. The linear nature of the graph indicates the exis-
tence of a direct transition. The gap energy is determined by
extrapolating the straight portion of the plot to the energy axis.
The gap energy (E,) of our films was determined from the

transmittance spectra using the Tauc relation!4]

Ahv = (hv — Ep)", (6)

where A is a constant, E, is the optical band gap of the ma-
terial and the exponent n = 1/2 stands for the allowed direct
transitions. On the other hand, we have used the Urbach energy
(E.), which is related to the disorder in the film network, as it
is expressed as!%!:
A= Agoxp 7

= Ao €Xp Eu ) ( )
where Ag is a constant, 4v is the photon energy and E, is the
Urbach energy.

The variations of the calculated optical band gap and band
tail width E, with deposition time are reported together in the
same graph (Figure 7). The optical band gap value is ranged
from 2.73 to 2.85 €V, the value found is in the same order of
the reported values in References [56, 57]. The optical band
gap decreases with increasing deposition time. This decrease
in optical band gap with an increase in deposition time can be
attributed mainly by the increase in the film thickness. For SnS
thin films that are deposited at near room temperature, the same
results have been found in the previous research!®® 591, While
the Urbach energy varies inversely. The widening of the gap is
because of the reduction of the urbach energy in the film[¢%.

The photoluminescence (PL) is one of the significant stud-
ies which can give us more important information on the crys-
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Table 1. Structural parameters of spray ultrasonic Snx Sy films.

Sny Sy, JCPDS card reference No 23-0677
Depositiontime(min) 26 (°) Lattice parameters (A)  hkl planes TC Lattice parameters (A) 26 (°)
2 14.95 a =5932 (001) 1 a =5.899 15.02
¢ =3.638
4 14.85 a =5.760 (001) 1 c =3.648 26.58
¢ =3.533
6 15.04 a =5.927 (001) 1 33.79
¢ =3.636
8 14.97 a=5917 (001) 1.04 49.96
26.70 ¢ =3.630 (111) 0.72
33.98 (221) 2.04
50.27 (110) 0.18
10 14.93 a =5.931 (001) 2.01 45.49
26.73 ¢ =3.638 (111) 0.73
45.56 (002) 0.24
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Figure 6. The plot of (ahv)? versus (hv) for Sny Sy film.
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Figure 7. The variation of optical band gap and disorder of Snx Sy at
different deposition time.

tal quality and purity of the material. The room temperature PL
emission spectra of the Sn, S, thin films, deposited with differ-
ent deposition time ¢ = 2, 4, 6, 8 and 10 min are demonstrated
in Figure 8. PL spectra consist of four emission peaks centered
at about 455(blue), 530 (green), 583 (yellow) and 648 (red),
with energy corresponding to all the observed emission peaks
2.73,2.34,2.12 and 1.91 eV. Yang et al.1") have reported a PL

Figure 8. (Color online) PL spectra versus wavelength A plot of Sny S,,
thin films prepared at different deposition times.

peak at 590 nm for tin disulfide thin films. While, Deshpande
et al.>%] have observed two emission peaks of PL attributed to
549.78 nm (green) and 700.28 nm (red) emission of SnS,. In
our study, the strong PL peak centered at 455 nm is the max-
imum for a sample prepared with a deposition time of 6 min;
this peak corresponds to the radiative recombination of bound
excitons, whereas the explanation for the origin of the broad
peaks at 530, 583 and 648 nm (the most intense form of sam-
ples prepared at the deposition time of 2 min) may be from the
inner deep level emission[%2]. This deep level arises because of
the stoichiometric variation in the SnS, phase. Another possi-
ble explanation can be ascribed to the emission from sulfide
vacancies Vs or interstitial tin atoms I, which are considered
to be the localizer states in the optical band gap. Another re-
searcher has referred the origin of broad peaks to the impurities
and native defects, such as interstitial tin atoms!56].

3.3. Electrical studies

The electrical resistivity (p) of the films formed at differ-
ent deposition times is shown in Figure 9. According to this fig-
ure, resistivity decreased slightly from 8.1 x 10™*to 2 x 10™*
Q-cm with increasing deposition time from 2 to 6 min and after
that deposition time, it increased suddenly to the value of 1.62
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Figure 9. The variation of electrical resistivity with different deposi-
tion time.

Q-cm. The lowest resistivity (2 x 107* ©-cm) obtained for the
deposition time equals 6 min, which is due to the better crys-
tallinity of the films prepared at this deposition time. These re-
sults are strongly supported by XRD analysis (Figure 2), which
indicates that the films grown at 6 min have a larger grain size
than the other films. An increase in grain size of this film leads
to reduced grain boundary scattering, and thus a decrease in
electrical resistivity. However, the higher electrical resistivity
of the films formed at a deposition time longer than 6 min refers
to the smaller grain size. Similar interpretations were obtained
in SnS thin films deposited by the chemical bath deposition
technique with increasing deposition time by Guneri et al.[*7].
Although, the crystallite size of the films deposited at 8 and
10 min is close to that deposited at 2 and 4 min, the resistiv-
ity of the films deposited at 8 and 10 min is higher than those
deposited at 2 and 4 min. This result is probably due to the pres-
ence of SnS, and other new phases like SnS and Sn;S3. This
later might be responsible for the higher resistivity. Sajeesh(34]
reported the similar regard. In their study, they explained that
the high value of resistivity of the films prepared below 300 °C
is a result of the presence of the mixed valent compound Sn, S5
presence. Also Reddy ef al.13® interpreted the high resistivity
of the film deposited for temperature < 300 °C due to the ap-
pearance of SnS; and Sn,S;.

4. Conclusion

In this study we investigated the influence of deposition
time on the structural, optical and electrical properties of tin
sulfide prepared by ultrasonic spray on glass substrates at a
temperature of 300 °C. Firstly, from the X-ray diffraction, we
found that our layers have a preferred orientation (001) of the
SnS, phase and other small peaks corresponding to the SnS
and Sn,S3 phases occurred only in 8 and 10 min; these re-
sults indicate a good crystalline structure with the (001) ori-
entation. Secondly, we found that the variation of the deposi-
tion time affected the optical properties of the films of Sn,S,,
and the higher absorbance was detected for the deposition time
of 10 min; this leads us to note that 10 min is an optimal
value. The photoluminescence spectra exhibited the lumines-
cent peaks in the visible region, which shows its potential ap-

plication in photovoltaic devices. Thirdly, the electrical resis-
tivity (p) increased when the SnS and Sn,S3 phases appeared.
Finally, the ideal condition for better solar cell efficiency is in-
creasing the deposition time.
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