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Effect of deposition conditions on the physical properties of SnxSy thin films
prepared by the spray pyrolysis technique
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Abstract: Tin sulfide thin films (SnxSy/with an atomic ratio of y=x D 0.5 have been deposited on a glass substrate
by spray pyrolysis. The effects of deposition parameters, such as spray solution rate (R), substrate temperature
(Ts/ and film thickness (t ), on the structural, optical, thermo-electrical and photoconductivity related properties
of the films have been studied. The precursor solution was prepared by dissolving tin chloride (SnCl4, 5H2O)
and thiourea in propanol, and SnxSy thin film was prepared with a mole ratio of y=x D 0.5. The prepared films
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and UV-vis spectroscopy.
It is indicated that the XRD patterns of SnxSy films have amorphous and polycrystalline structures and the size
of the grains has been changed from 7 to 16 nm. The optical gap of SnxSy thin films is determined to be about
2.41 to 3.08 eV by a plot of the variation of (˛h�/2 versus h� related to the change of deposition conditions. The
thermoelectric and photo-conductivity measurement results for the films show that these properties are depend
considerably on the deposition parameters.
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1. Introduction

SnS is a very important optical semiconductor, which can
exhibit both p-and n-type conduction, depending on the mole
concentration of tin and sulfur. SnS thin film has an energy
band gap of about 1.3 eV between Si and GaAs. Like SnS,
SnS2 is also a semiconductor, with a larger band gap of 2.2–2.6
eV. The electronic nature and excellent structural properties of
SnS2 make it a possible candidate for use as the aperture in
window-absorber solar cells, quantum well structures and the
substrate for deposition of organic layersŒ1�3�. The constituent
element of tin sulfide such as ‘Sn’ and ‘S’ are abundant in na-
ture, less toric and available at low cost.

SnxSy thin films have been deposited by variety of physi-
cal and chemical techniques, such as chemical vapor deposition
(CVD), electro deposition, chemical bath deposition, spray py-
rolysis, electron beam-induced deposition and vacuum evapo-
rationŒ4�. However, the spray pyrolysis technique is a relatively
simple, atmospheric-pressure deposition method and conve-
nient for the large area deposition of IV–VI semiconductor
compounds.

The systematic investigation of the effect of deposition
parameters on the photoconductivity properties of SnxSy films
in photovoltaic applications is as important as it is in opto-
electronic devices. The electronic and optical properties of
tin sulfide could be controlled by deposition parameters. In
this paper, we investigate the effects of deposition parameters
such as spray solution rate (R), substrate temperature (Ts/ and
film thickness (t ) on the physical properties of the chemically

sprayed SnxSy thin films with y=x D 0.5 for photovoltaic ap-
plications.

2. Experimental procedure

2.1. Deposition of SnxSy films by the spray pyrolysis tech-
nique

The SnxSy thin films were deposited on glass substrates
using a typical spray pyrolysis coating system as seen in
Fig. 1Œ5�. The precursor solution was prepared by dissolving
0.0427 M of tin chloride (SnCl4, 5H2O) and 0.0213 M of
thiourea in 100 ml propanol, and the SnxSy thin film was pre-
pared with a mole ratio of y=x D 0.5. The SnxSy thin films
were deposited under similar conditions: nozzle-to-substrate

Fig. 1. Basic set-up for spray deposition.
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Table 1. Spray deposition parameters for preparation of SnxSy films.
(a) Effect of spray rate (b) Effect of substrate

temperature
(c) Effect of volume of
spray solution

Volume of spray solution (mL) 100 100 25, 50, 100, 150
Spray rate (mL/min) 2, 5, 10, 15 10 10
Substrate temperature (ıC) 420 320, 370, 420, 470 420
Carrier-gas pressure (atm) 2.5 2.5 2.5
Nozzle–to-substrate distance (cm) 35 35 35
Hot plate rotation speed (rpm) 60 60 60
Spray nozzle diameter (mm) 0.2 0.2 0.2

Table 2. X-ray diffraction results for sprayed SnxSy thin films for (001) orientation.

SnxSy : 2� (ı) FWHM (ı) Mean grain
Lattice distance (Å)

Identification with
y=x D 0.5 size (nm) Observed Standard (hkl/ value

(a) Effect of spray rate (Volume D 100 cc, Ts D 420 ıC)
2 mL/min — — — — — —
5 mL/min — — — — — —
10 mL/min 14.76 0.8 10.2 5.88 5.81 Hexagonal-SnS2

15 mL/min 14.92 0.77 10.6 5.92 5.81 Hexagonal-SnS2

(b) Effect of substrate temperature (Rate D 10 mL/min, Volume D 100 cc)
320 ıC 14.92 0.9 7.3 5.93 5.81 Hexagonal-SnS2

370 ıC 14.72 1.11 9.1 6.01 5.81 Hexagonal-SnS2

420 ıC 14.76 0.8 10.2 5.88 5.81 Hexagonal-SnS2

470 ıC — — — — — —
(c) Effect of volume of spray solution (Ts D 420 ıC, Rate D 10 mL/min)

25 cc — — — — — —
50 cc 15 0.7 11.7 5.9 5.81 Hexagonal-SnS2

100 cc 14.76 0.8 10.2 5.88 5.81 Hexagonal-SnS2

150 cc 14.96 0.48 16.9 5.92 5.81 Hexagonal-SnS2

distance (d ) D 35 cm, carrier gas pressure (Pair/ D 2.5 atm
and hot plate rotation (r) D 60 rpm. To find the optimal para-
meters for the deposition of films (spray solution rate, substrate
temperature and film thickness), three sets of experiments were
carried out. In the first stage, in order to study of the effect of
the spray solution rate on the physical properties of the thin
films, the spray deposition was carried out at different rates
with a choice of 2, 5, 10 and 15 mL/min. In the second stage,
in order to study the substrate temperature effect, the substrate
temperature was changed in the 320–470 ıC region, with a step
of 50 ıC. In the third stage, the thin films were deposited with
different volumes of spray solution as 25, 50, 100, and 150 cc.
Before preparation of the films, glass substrates were cleaned
and placed on a hot plate, and the SnxSy films were deposited
on rotating hot substrates with the conditions mentioned in
Table 1. To prevent a rapid reduction in the hot plate tempera-
ture, spraying was done in short time intervals. In each stage,
only one parameter was changed and the other deposition para-
meters were approximately fixed.

2.2. Structural and optical characterization of films

For structural study of the films, X-ray diffraction (XRD)
patterns of the SnxSy films were recorded by a D8 Advance
Bruker system using CuK˛ (� D 0.154056 nm) radiation with
2� in the range 10ı–70ı. The average crystalline size was cal-
culated using Scherrer’s formulaŒ6�:

Fig. 2. Basic set-up for thermoelectric power measurement.

D D
k�

ı cos �
; (1)

where D is the average crystalline (grain) size, k is a constant
(�1), � is the X-ray wavelength, ı is the full width at half max-
imum (FWHM) of the XRD peaks and � is the Bragg angle.

The crystalline structure of the films was compared with
the standard JCPDS data file No.83-1705 corresponding to the
phase SnS2. The XRD parameters and mean grain size of the
films with various conditions have been summarized in Ta-
ble 2.

The surface morphology of the films was studied by scan-
ning electron microscopy (SEM) using an LEO 1450 VP sys-
tem.

The optical absorption and transparency of the films were
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Table 3. Optical, electrical and thermo-electrical measurement results of SnxSy films for various spray rates.
Rate of spray
R

(mL/min)

Thickness
t

(nm)

Color Energy gap
Eg
(eV)

Resistivity
�d
(��cm)

Conductivity
type

Seebeck coeffi-
cient (mV/K)
T D 350 K

Photosensitivity
S
j �R=Rj

2 402 Light yellow 2.41 1.87 p 1.08 0.12
5 495 Light yellow 2.53 7.26 p 0.06 0.12
10 568 Brick red 2.73 2.34 p 4.6 0.1
15 612 Black brick red 2.96 2.98 p 1.28 0.13

Table 4. Optical, electrical and thermoelectrical measurement results of SnxSy films for various substrate temperatures.
Substrate tem-
perature
Ts (ıC)

Thickness
t (nm)

Color Energy gap
Eg (eV)

Resistivity �d
(��cm)

Conductivity
type

Seebeck coeffi-
cient (mV/K)
T D 350 K

Photosensitivity
(S) j�R=Rj

320 550 Light yellow 3.05 7.63 � 103 - - -
370 563 Yellow 2.71 1.75 � 103 p 3.15 0.14
420 568 Brick red 2.73 2.34 p 4.6 0.1
470 600 Black brick red 2.55 2.27 n �0:19 0.4

Table 5. Optical, electrical and thermoelectrical measurement results of SnxSy films for various solution volumes.
Volume of
solution (cc)

Thickness
t (nm)

Color Energy gap
Eg (eV)

Resistivity �d
(��cm)

Conductivity
type

Seebeck coeffi-
cient (mV/K)
T D 350 K

Photosensitivity
(S) j�R=Rj

25 243 Light yellow 3.08 3.62 � 10 p 0.43 0.04
50 461 Yellow 2.98 3.13 p 4.46 0.09
100 568 Brick red 2.73 2.34 p 4.6 0.1
150 623 Black brick red 2.55 1.66 n �0:25 0.13

measured in the wavelength range of 300–1100 nm using an
Agilent 8453 UV-vis single beam spectrophotometer at room
temperature. The thickness (t) of the films was determined us-
ing the Swanepole methodŒ7�. The direct optical band gap (Eg/

of the prepared SnxSy films was obtained by optical absorp-
tion measurements and plotting (˛h�/2 versus photon energy
(h�/ and using the following relationŒ8�:

.˛h�/2
D A.h� � Eg/ (2)

where ˛ is the absorption coefficient, and A and Eg are the
constant and direct band gap of the material, respectively.

2.3. Photo-electrical and thermoelectrical measurements

To measure the photo-electrical force and the thermoelec-
tric electro-motive force (e.m.f.) of the films, two ends of the
samples were coated with aluminum by thermal evaporation in
vacuum using an Edwards E-306A coating system. The electri-
cal resistivity of the SnxSy films on the non-conducting glass
slide was determined by the DC two-probe method and electri-
cal conductivity (dark and light) was obtained for all the sam-
ples.

The photosensitivity of the films was measured as S D
RL�Rd

Rd
Œ9�, where RL and Rd are the electrical resistance under

illumination (9000 Lux) and in the dark, respectively. All the
samples were illuminated at a distance (d ) D 35 cm from a
normal light source (150W) for 100 s before recordingRL. The
electrical resistance of the thin films was measured by UNI-T
multi-meters and the light intensity was measured by a TES-
1339 light meter.

The thermoelectric e.m.f. of the SnxSy filmswasmeasured
by applying a temperature gradient between the two ends of
the samples at a temperature range of 300–500 KŒ10�. An elec-
tric heater with an electrical power of 300 W for heating one
side (hot-side) and an ice-water bath for cooling the other side
(cold-side) were utilized. The schematic view of the apparatus
is shown in Fig. 2.

The open-circuit thermo-voltage generated by the samples
under the temperature gradient was measured using a digital
micro-voltmeter. The temperature difference between the two
ends of the sample causes transport of carriers from the hot side
to cold end, thus creating an electric field and voltage between
the two ends. The thermo-voltage generated is directly propor-
tional to the temperature gradient applied to the two ends of
the samples. From the sign of the potentiometer terminals con-
nected to the two ends of sample, the sign of the charge carrier
is obtained. In this measurement, the negative and positive ter-
minals were connected to the hot and cold ends, respectively.
Therefore, the films show n or p-type conductivity.

According to the Seebeck effectŒ11�, thermoelectric power
(TEP) is calculated by

" D ˛�T; (3)

where " is e.m.f, ˛ is the Seebeck coefficient and �T is the
temperature difference of the edges of the sample. Indeed, the
thermo-electromotive force �V is proportional to the temper-
ature difference of the edges of the sample (�T ). The Seebeck
coefficients (˛/ were determined by calculating the slope of
the thermoelectric e.m.f. versus the temperature difference be-
tween the hot and the cold ends of the samples.

The optical, electrical and thermo-electrical measurement
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Fig. 3. X-ray diffraction patterns of SnxSy thin films prepared by var-
ious solution rates.

Fig. 4. X-ray diffraction patterns of SnxSy thin films prepared by var-
ious substrate temperatures.

results of SnxSy films for various deposition conditions have
been summarized in Tables 3–5.

3. Results and discussion

3.1. Structural properties

3.1.1. Effect of spray rate (R)

Figure 3 shows the XRD patterns of the deposited SnxSy

films with different spray rates. The XRD patterns of thin films
prepared with spray rates of 2 and 5 mL/min display an amor-
phous structure and thin films prepared by solution rates of 10
and 15 mL/min display a polycrystalline structure correspond-
ing to SnS2 and SnO2 phases. The grain size in direction of the
(001) hexagonal plane of SnS2 film for different spray rates
of 10 and 15 mL/min, are indicated to be 10.2 and 10.6 nm,
respectively (see Table 2).

Furthermore, with increasing the solution spraying rate
from 2 to 15 mL/min, the opacity of the films decrease so that,
in 2 mL/min, films are slightly black and in 15 mL/min slightly
clear.

Fig. 5. X-ray diffraction patterns of thin films prepared by various
spray solution volumes.

3.1.2. Effect of substrate temperature (Ts)

Figure 4 shows the XRD patterns of the deposited SnxSy

films with different substrate temperatures. Study of the XRD
patterns of films prepared with various substrate temperatures
indicates that Ts D 370 ıC is the best substrate temperature
for the highest structural order. Increasing the substrate tem-
perature higher than 370 ıC would lead to the scope of sulfur
from the lattice and, finally, the formation of an amorphous
structure. As can be seen, the temperature range of 320–370 ıC
corresponds to the highest domination of the SnS2 phaseŒ12�.
When Ts increases to 420 ıC, the peak corresponding to SnS2

disappears. The grain sizes in the direction of the (001) hexag-
onal plane of SnS2 thin films calculated in 2� � 15ı for sub-
strate temperatures 320, 370 and 420 ıC are 7.3, 9.1 and 10.2
nm, respectively (see Table 2).With an increase in the substrate
temperature, the size of the grains is also increasedŒ13�.

The creation of the sulfur vacancy at higher temperatures
is due to the high vapor pressure of sulfur, which increases
rapidly with substrate temperatureŒ8�. Moreover, by increasing
the substrate temperature from 320 to 470 ıC, the color of the
films become darker so that at Ts D 320 ıC, the color of films
is light yellow but it is black brick red at 470 ıC, which shows
that it depends on the perfect substitution of sulfur in the lattice.

3.1.3. Effect of volume of spray solution (V )

Figure 5 shows the XRD patterns of the deposited SnxSy

films with different spray solutions of 25 cc, 50 cc, 100 and 150
cc. The XRD pattern of the prepared films by a solution volume
of 25 cc indicates an amorphous structure and the prepared
films by solution volumes 50 cc, 100 cc, and 150 cc indicate
a polycrystalline structure. Crystallinity seems to be improved
as the film thickness increases with increasing the volume of
spray solution from 25 cc to 150 ccŒ14�. The size of the grains
in the (001) direction plane of SnS2 thin films is calculated in
2� � 15ı for solution volumes 50 cc, 100 cc and 150 cc is 11.7,
10.2 and 16.9 nm, respectively (See Table 2).

Also, with increasing the volume of spray solution from
25 cc to 150 cc, because of the increase of film thickness, the
color of the films becomes darker.

The SEM images of films prepared at (a) Ts D 370 ıC and
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Fig. 6. SEM image of films prepared at (a) Ts D 370 ıC and (b) Ts D 420 ıC (R D 10 cc/min and V D 100 cc), (c) Rate D 15 mL/min (Ts D

420 ıC and V D 100 cc) and (d) Volume D 150 cc (Ts D 420 ıC and R D 10 cc/min).

Fig. 7. EDX analysis for SnxSy thin film prepared at Rate D 10
cc/min, Ts D 420 ıC and V D 100 cc.

(b) Ts D 420 ıC [R D 10 cc/min and V D 100 cc] , (c) Rate
D 15 mL/min [Ts D 420 ıC and V D 100 cc] and (d) Vol-
ume D 150 cc [Ts D 420 ıC and R D 10 cc/min] have been
shown in Fig. 6. We can see that with increasing the substrate
temperature from 370 ıC (Fig. 6(a)) to 420 ıC (Fig. 6(b)), the
size of grains becomes greater and the roughness of the sur-
face is decreased. The poor crystallinity of the layers grown
at low temperatures is probably due to the lack of thermal en-
ergy for the nucleation of deposited atoms and the formation
of discrete islands in the films. We can also see that with in-
creasing spray rate from 10 mL/min (Fig. 6(b)) to 15 mL/min
(Fig. 6(c)) the tightly packed particles are decreased. We see
that with increasing the solution volume from 100 (Fig. 6(b))
to 150 cc (Fig. 6(d)), the tightly packed particles decrease and
the size of grains also increases. The averages of grain size us-

Fig. 8. (˛h�/2 versus h� of SnxSy thin films prepared by various
spray solution rates.

ing SEM images (Figs. 6(a)–6(d)) are �130, �200, �110 and
220 nm, respectively. However, the average grain size by SEM
is larger than that we have calculated from Scherrer’s formula
by XRD patterns. Clearly, each particle in the SEM image con-
tains many polycrystalline grains.

Figure 7 shows the EDX spectrum of the thin film prepared
at Rate D 10 cc/min, Ts D 420 ıC and V D 100 cc. Only Sn
and S peaks are observed (expect Au as conducting coating),
to confirm presence of S and Sn in thin films.

3.2. Optical properties

The optical band gap of the films in various deposition
conditions is determined from the plot of (˛h�)2 versus h� as
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Fig. 9. (˛h�/2 versus h� of SnxSy thin films prepared by various
substrate temperatures.

Fig. 10. (˛h�/2 versus h� of SnxSy thin films prepared by various
spray solution volumes.

shown in Figs. 8–10. As can be seen, the plots are linear and
indicate a direct optical transition. The results of the optical
characterizations and electrical properties of the thin films have
been summarized in Tables 3–5. These results indicate that
with increasing the spray rate, the optical band gap of films is
increased. Also, increasing the substrate temperature and vol-
ume of spray solution leads to an increase in the film thickness
and grain size, as revealed by SEM images, and therefore de-
creasing the optical band gap of films.

3.3. Photoconductivity and thermo-electrical properties

The results of the photoconductivity and thermo-electrical
measurements for SnxSy thin films have been summarized in
Tables 3–5. The measurement results of the dark electrical re-
sistivity of the films show that with increasing the substrate
temperature and volume of spray solution, the electrical re-
sistivity is decreased due to (i) increasing the films thickness,
(ii) high surface uniformity (as revealed by SEM images), and
(iii) modification of structural orderŒ13�. The high electrical re-
sistivity of the prepared films at Ts < 370 ıC is probably due
to the presence of a SnS unstable compound or the formation
of an amorphous phase. In addition, the smaller grainy struc-
ture or nearly amorphous structure may also contribute to the
higher resistivity of the grown layersŒ8�. Decreasing the elec-

Fig. 11. (a) Variations of�R=Rd versus time of SnxSy thin films pre-
pared at various solution spray rates. (b) Variations of �R=Rd versus
lighting time of SnxSy thin films prepared at various substrate tem-
peratures. (c) Variations of�R=Rd versus lighting time of SnxSy thin
films prepared with various spray solution volumes.

trical resistivity in the dark with increasing the substrate tem-
perature may be due to the increase in the crystallite size of the
filmsŒ8; 15�. With increasing deposition temperature, the films
become more polycrystalline and so the grain size of the films
is improvedŒ4�. The observed low resistivity of films at Ts D

470 ıC, is correlated to the presence of the Sn–O–S and SnO2

semiconducting phasesŒ8�. The decreasing dark electrical resis-
tivity from 36.2 to1.66��cmwith increasing the spray solution
volume could be due to the increase in the film thickness.

The photo-sensitivity (S) property of SnxSy films is ex-
tremely related to substrate temperature and spray solution vol-
ume as shown in Tables 2, 3 and Figs. 11 (a)–11(c). It is in-
creased by increasing the substrate temperature and spray so-
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Fig. 12. Variation of thermoelectric e.m.f. with the temperature dif-
ference (ıT ) for SnxSy thin films prepared by (a) various solution
spray rates, (b) various substrate temperatures, and (c) various spray
solution volumes.

lution volume due to decreasing the initial electrical resistivity.
Indeed, we could change the photosensitivity of SnxSy films
by varying deposition conditions. The photosensitivity for all
the films shows a behavior of exponential fall in resistance at
first and then a tendency of saturation. The saturation condi-
tion is due to a decrease in the rate of photo-generation of car-
riers related to time. Simultaneously, the recombination pro-
cess has a main role in reducing the photosensitivity. Conse-
quently a steady state is obtained where the rate of generation
of charge carriers is equal to the recombination rate under con-
stant illumination. This phenomenon is responsible for obtain-
ing a nearly flat profile of the photosensitivity at the end (see
Fig. 11). A high photosensitivity of 0.4 was shown for prepared

films at Ts D 470 ıC.
Figure 12 shows the variation of the thermoelectric e.m.f

versus the temperature difference as a function of various de-
position conditions. It shows that the absolute value of the ther-
moelectric e.m.f, j"j, increases quickly with the increase in
temperature difference at a low temperature difference range,
which suggests the degenerate nature of thin films. The results
of thermoelectric measurements indicate that prepared films
with a spray solution volume of 150 cc and substrate temper-
ature of 470 ıC have n-type conductivity and the other films
have p-type conductivity (see Tables 3–5). The prepared films
with solution volumes of 100 and 50 cc have the best thermo-
electric properties with S D 4.6 and 4.46 mV/K, respectively.
The thermoelectric e.m.f depends on the location of the Fermi
energy in the material and the type of scattering mechanism,
and the charge carries encounter. It increases as the Fermi en-
ergy moves further into the energy gap from the bottom edge
of the conduction band. This amounts to concluding that the
smaller the carrier concentration, the larger the Seebeck coef-
ficient. Thus, the relatively higher thermoelectric e.m.f for thin
films is due to their higher crystallinity and crystallite size.
The prepared films at a substrate temperature of 320 ıC dis-
play a fluctuating nature in thermo-electrical e.m.f measure-
ments, which may be due to the very high resistivity of films
(See Figs. 12(a)–12(c)). The SnxSy thin films show mostly p-
type conductivity. The positive sign of thermoelectric e.m.f in-
dicates that the conduction takes place due to the holes in the
valence band, since the acceptor levels are created by the tin
vacancies, they normally appear in the latticeŒ8; 16�.

4. Conclusion

In this paper, to find the optimal parameters for the depo-
sition of SnxSy films three sets of experiments were carried
out. The substrate temperature, volume and rate of spray so-
lution were optimized for SnxSy films that can be used as n
or p-type light absorbed semiconductor thin film with a di-
rect band gap suitable for solar cell applications. With con-
trol of suitable deposition conditions, we can prepare both n
and p-type SnxSy for fabrication of SnxSy homo-junction and
thermo-photovoltaic solar cells. Highly photosensitive SnxSy

films have wide potential applications as smart materials for
saving energy.
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