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stability of tin sulfides (SnS;, SnS

and Sn,S3) films deposited
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Abstract. In this study, we will deal with the influences of deposition time on structural, optical and electrical properties of
Sn, S, films which have grown through ultrasonic spray technique. The Sn,S, thin films are deposited on glass substrate at
300°C with a deposition time of =2 min-10 min, using two precursors: tin (II) chloride and tin (IV) chloride, respectively.
The obtained films were characterized by X-ray diffraction (XRD), The UV-VIS-NIR optical transmittance measurements
and the electrical resistivity by four -points. The X-ray diffraction (XRD) analysis of Sn,S, films indicates three phases of
SnS,, SnS and Sn,S; phases crystallites. In addition, this analysis revealed that SnS, phase stability is superior than SnS
and Sn,S; stability. The results of (UV) spectroscopy visible spectrum demonstrate that films deposited at 10 min are low
transmittance in the visible region for two precursors, and a direct band gap found to decrease with increase in deposition
time. Electrical measurements indicate that the resistivity behavior depends on the used precursors and deposition time.

Keywords: Sn,S, thin films, stability, tin sulfide, ultrasonic spray, deposition time, precursors

1. Introduction

Searching for thin film materials for solar energy conversion and other related applications has been
recently identified. Compared to other studies, using metal chalcogenides,as a class of materials, had
shown somewhat superior performance [1]. Among the new materials that have attracted considerable
attention in the binary is composed of tin sulfide due to its interesting physico-chemical properties,
and which could also replace other material such as quaternary CulnGaSe; in photovoltaics and thus
avoid selenium which is toxic [2—4]. In the phase diagram of the Sn—S binary system, there are three
stoichiometric known components, with different tin to sulfide ratios: SnS, Sn,S3; and SnS, [5-7].
From a technological standpoint, tin mono-sulfide (SnS), the tin disulfide (SnS;) and the compound
of Sn,S; are among the most interesting [8—10] materials. In addition, there are many advantages of
these later in the use of photovoltaic applications such as the gap that can approach the optimum for
the conversion of solar energy (1.50eV) [11, 12], low cost, non-natural toxic and easily developed
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because these components are very abundant on earth [13]. Tin disulfide (SnS;) is a semiconductor with
Cdl, type structure [14]. It is a good light absorber (absorption coefficient of 10* cm™") with varying
band gap energy (0.8-2.88 eV) [15-17]. Several deposition techniques have been used to prepare tin
sulfide thin films, including: chemical bath deposition method (CBD) [18], thermal evaporation [19],
RF sputtering [20], electrochemical deposition [21, 22], hot wall method [23], novel hydrothermal
method [24], successive ionic layer adsorption and reaction method (SILAR) [25, 26], pulse electro-
deposition method [27], spray pyrolysis [28, 29], electron beam evaporation [3], plasma-enhanced
chemical vapor deposition (PECVD) [30], and dip coating method [14].

The review of literature had proved that the influence of nature of precursors with deposition time
on structural, optical and electrical properties of Sn, Sy thin films deposited by ultrasonic spray has not
been previously examined. But, it is important to control these properties of Sny Sy films for determining
the experimental conditions for photovoltaic applications. Hence, in this paper, we have aimed to find
out how deposition time and the two precursors affect the structural, optical and electrical properties
of Sn,S, thin films obtained by ultrasonic spray method.

2. Experimental procedure
2.1. Preparation of spray solution

In our experiment, SnySy thin films are prepared using a homemade ultrasonic spray deposition
system. The precursors used as sources of tin (Sn).are: (SnCl,: 2H,0), (SnCly: 5SH,0), whereas the
precursor used for sulfide (S) is the thiourea (SC(INH;),). Two initial types of solutions were prepared
and will be referred to as solution 1 and solution 2 and the films that were obtained from them will be
referred to as films 1 and films 2 respectively. In solution 1 and solution 2 molarity of sufide (Mg,) was
0.05 mol/I 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 between nozzle
and substrate was 5 cm all of them were kept constant. However, the spraying deposition time varied
from 2 to 10 min.

2.2. Characterization

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 cop-
per anode having a wavelength A =1.5418A°. The UV-VIS—NIR transmittance measurements were
performed UV-VIS-NIR (UVI-3101 PC SHIMADZU) Spectrometer has been used in the range
300-900 nm for the calculations for the transmittance. The electrical resistivity of films was measured
by four-point.

3. Results and discussion
3.1. Thickness calculation

After deposition, the thin film thickness (e) was evaluated using the weight difference method with
the following relation [31]:

e =

m 1
,o.iA (1)
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Fig. 1. The Variation of film thickness as a function of deposition time.
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Fig. 2. XRD diffraction pattern of the two deposited films 1 and 2. SnS,, Sn,S3, SnS.

where m is the mass of the film deposited on the substrate, p is the density of the deposited material
in the bulk form and A (in cm?) is the effective area on which the film was deposited.

Figure 1 shows the evolution of the films thickness with the deposition time for two films. As can
be seen, at low deposition time 2 min the films thickness for two films is small, this indicates that the
nucleation step is very short for two films, after 4 min the films thickness increases linearly with the
deposition time. As well as the value of film thickness 2 is greater than the value of film thickness 1.

3.2. Structural studies

The X-ray diffraction patterns of both types of films are shown in Fig. 2. For the films 1, it can be
noticed that the films which are formed at 2 to 6 min show a peak corresponding to SnS, hexagonal
phase [32] (JCPDS card No 23-0677) with preferential orientation in the plane (001) around the angle
260 =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 reflections of minimum intensity from (111), (221) and (110)
crystallographic planes of Sn;S3; and SnS, phase respectively. The peak seen at 10 min of 26 values
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of 45.56° is found with reflections from (002) plane of SnS phase (JCPDS card No 390354), For the
films 2, it can be noted that the XRD patterns of the thin films at (2—6 min) show peaks corresponding
to SnS; hexagonal phase [32] with preferential from (001) plane and other peak of minimum intensity
corresponding to SnS phase with orthorhombic in structure from (040) plane [33]. Moreover, the figure
bellow displays the intensity of the peak (001) decrease with increasing deposition time, in contrary
for the intensity of the peak (040) correspondent SnS phase. Hence, with rising deposition time, the
analysis of the XRD pattern of film deposited after 6 min indicates the formation of SnS;, Sn,S; and
SnS phase with other orientations (001), (111), (221) and (151). Similar results about the formation
of SnS; phase by spray pyrolysis technique using SnCl,: 2H,0 and SnCly: 5SH,;0 precursor has been
observed by several studies [34-36]. Also the same observation by other groups using other deposition
techniques [14, 37, 38]. But the difference between their work and our work is the appearance of the
new phase.

The appearance of phase SnS in the film 2 at the first deposition time 2 min can be referred to the
solubility of the solution or the energy of bindings between the atoms in both solutions. Solubility in
solution 2 is bigger than the solubility of solution 1, for that solution 2 produces a wide number of
Sn atoms. Atoms Sn leads to two significant results: the formation of SnS and SnS, phases and the
emergence of a third new phase called Sn;S; at deposition time 8 min. The former phase appeared of
big intensity at XRD analysis in the films 2 when compared to films 1. As a result, on the one hand
the appearance of Sn;S; at 8 min its intensity decreases at 10 min and on the other hand intensity of
the SnS, phase decreases. Consequently, Sn,S;phase stability is inferior than SnS and SnS, stability.

A prominent (001) peak for two precursors indicates that the crystallite structure of the 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 [39, 40]. Thus, it can be
deduced that the main effect on the chemical composition is caused by the precursor nature and by the
deposition time. The use of both solutions 1and 2 have proved that (001) reffered to as SnS, phase is
the preferred orientation in all deposition times. Whereas, SnS and Sn,S; phases appeared only when
using SnCly at large deposition times 8 and 10 min.

3.2.1. Texture coefficient, crystallites size, strain, dislocation density and lattice parameters
The preferential orientation of the dominant phase of the sample has been determined by means of

the texture coefficient (TC) using the expression [41]:
I(hkl)/Io(hkl)

+ z I(hkl)/ Iy(hkl)

TC(hkl) = (2)

Where Iy (h k1) is the standard intensity of the (h k 1) plane, I (h k 1) is the observed intensity of
the (h k 1) plane and N is the reflection number and n is the number of diffraction peaks. Results
were presented in Table 1. From the results of the texture coefficient calculations, it was found that
preferential orientation of deposited films with different deposition time of 2,4,6,8 and 10 min for two
precursors was the (001) orientation. Figure 3 shows the variation of TC (001) for two films. As seen,
for films 1 the value of TC (001) between 2—6 min takes average constant value and then increasing
with increase in deposition time. Whereas, TC of film 2 increasing when deposition time varied from
2-6 min and then decreased rapidly with increase in deposition time. The minimum value noticed at
8 min.

The mean crystallite size D was calculated from the most intense peak of the different present phases
in the samples using Debye—Scherrer’s formula [25, 42]:

09
 B.cos Oy

3)
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Table 1
Structural parameters of spray ultrasonic Sn,S, film

Deposition Films 1 Films 2 Lattice
time (min) h k1 planes Lattice TC hklplanes Lattice TC Parameters (A) according
Parameters (A) Parameters (A) to JCPDS card number 23-0677
2 (001) a=3,638 1 (001) a=3.582 1.21
c=5,932 (040) c=5.840 0.78
4 (001) a=3,533 1 (001) a=3.600 1.44 Hexagonal
c=5,760 (040) c=5.869 0.56 structure
6 (001) a=3,636 1 (001) a=3.603 1.41 a=3.648
c=5,927 (040) c=5.873 0.59 c=5.899
8 (001) a=3,630 1.04 (001) a=3.592 0.073
(111) c=5917 0.72 (111) c=5.856 0.83
(221) 2.04 (221) 291
(110) 0.18 (151) 0.17
10 (001) a=3,638 2.01 (001) a=3.635 0.23
(111) c=5,931 0.73 (111) c=5.925 0.76
(002) 0.24 (221) 2.83
(151) 0.14
2,0 -
[—IsnCl,
[ SnCl,

Texture coefficient (001)
5
1

0,54

0.0 T T T T l

1 2 3 4 5 6 7 8 9 10 11
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Fig. 3. The variation of preferential orientation as a function of deposition time for (001) plane.

Where D, A, B and 6y are the crystallite size, the wavelength, the full width at half maximum
(FWHM) and the Bragg angle of the main peak of the obtained XRD spectrum, respectively. Figure 4
shows the variation of the crystallite size as a function of the deposition time. The values of crystallite
size are comparable to those reported by other research [14, 43]. We can divide the figure into 2 ranges:

- The range (I):2-6 min: We found that the values of crystallite size are nearly the same either using
precursor 1 or 2.

- The range (II):6—10 min: The crystallite size increase when using precursor 2 and decrease when
using precursor 1 this can be referred to existence of Sn atoms in solution 2 which leads to the
easy break down of bindings between Sn and CI and all of this is supported in Fig. 2 that indicate
the appearance of other phases. Also the concentration of the defect (grain boundary) is low in the
films 2 in contrast with films 1.
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Fig. 5. The variation of strain ¢ in the films network as a function of the deposition time.

The strain ¢ in the films is evaluated using the following formula [44]:

o B. c:s@ @

Figure 5 shows the variation of ¢ versus the deposition time. Comparatively with the variation of
the crystallite size D, the internal strain behavior of the two films 1 and 2 follows an opposite trend of
D. This comportment is due to the fact that grains growth is controlled by the strain in film network.
Because the presence of internal strain in the film network cause a minimization in the grain growth
driving forces, which prevent the grain size enlargement during the film formation [2, 45]. Similar
behavior has been observed on SnS films deposited with Chemical bath at increasing deposition time
[46].

Using crystallite size values, the dislocation density (8), defined as the length of dislocation lines per
unit volume of the crystal has been calculated by using the Williamson and Smallman’s formula [47]:

5= 5)
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Fig. 6. The variation of the dislocation density with deposition time.

Figure 6 represents the variation of dislocation density with deposition time for two precursors.
It is clearly observed that in the film 1 the dislocation density is found to decrease while increasing
deposition time from 2 to 6 min, after that it increases while the dislocation density decreases of the
film 2. It is clearly observable that there is an inter relationship between: crystallite size, strain and
dislocation density. While there are increasing variations in the crystallite size, there are decreasing
variations in the strain and dislocation density. Similarly this result has been achieved by another
researcher [48].

The lattice parameters a and c¢ for hexagonal phase structure can be determined by the relation
Equation (6) [26]:

5 = (6)
diy 3

a? c?

1 4 <h2+kh+k2> I
|l ]t
The lattice parameters of the dominate phase in films 1 and 2 were obtained comparing the XRD
pattern of Fig. 2 with the data reported in the JCPDS card that was mentioned earlier in this report.
And according to the ASTM card number 23-0677, the lattice constants are in good agreement with
the reported value.

3.3. The optical studies

The optical transmittance with wavelength of tin sulfide films Sn,S, was measured in wavelength
range of 300-800 nm. The transmission spectra in deposited time range of 2—-10min are shown in
Fig. 7. What can be noticed from the previous figure is that the transmittance of film varied from
57.22-8.338% and from 55.22 —14.25% for two films respectively. The optical transmittance for the
film that has been prepared at 8 min using solution 2 was almost between the transmittance of film
deposited at 4 min and 6 min that lead to the appearance of the Sn,S; phase which results in low
disorganized reduce of transmittance but the small intensity of the later in film 1 exhibits a well
decreasing of transmittance. Through the observation of Fig. 7 we can see that there is an interference
fringes at 2, 4 and 6 min when using the solution 2 indicates that the texture appeared smoothly.

The optical band gap of films is estimated from Tauc relation [43]

(ahv) = A(hv — E,)" @)
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Fig. 7. Transmission curves for Sn,S, at different deposition time.
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Where « is absorption coefficient, A is the constant independent of photon energy (hv), h is the
Planck constant and E, 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 (E,), which is related
to the disorder in the film network, as it is expressed follow [49]:

A=A hy 8
= A exp ( Eu> (&)
where Ay is a constant /v is the photon energy and E,, is the Urbach energy. In Fig. 9, for two films,
the band gap decreases with increasing deposition time. Similar values of optical band gap have been
found by other researchers [50, 51]. According to these data, SnS, and the mixture of SnS, with Sn,S3
have greater value of the band gap energy than SnS as stated by other authors [52]. The decrease in
optical band gap can be due to increase the film thickness with increase in deposition time, they have
also observed decrease in the optical band gap of SnS thin films with increasing of film thickness
[53]. The difference in optical band gap between using solution 1 and solution 2 in addition to the
previous results it appears that there is a strong decreasing in gap which can arrives 2.6 eV for film 2 in
comparatively to film 1 (Fig. 9). Finally, we can conclude that SnCl, produces films in the deposition
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time 6—-10 min more that are useful as absorbent film in solar cells in contrast with the prepared films
in the same range of deposition time using SnCl,. The urbach energy varies inversely of band gap. The
same observation has been found by other researcher [54].

3.4. Electrical studies

InFig. 10, we can notice that when the deposition time between 2—6 min has no effect of the resistivity
for the films 1 then after 6 min a slight increasing can be caused by smaller grain size (see Fig. 4).
Similar interpretations were obtained by E. Guneri et al. in SnS thin films deposited by chemical bath
deposition at different deposition time [55]. But the resistivity of films 2 decreasing in all deposition
time from 2 to 10 min and the low resistivity appeared in the films deposited at 10 min which deduces
that it is the appropriate film for the fabrication of solar cells. Similar value of resistivity has been
found by Shuying Cheng et al. [27]. In addition, for the films 2 can be interpreted the decreases of
resistivity by the increase of the crystalline size with increasing deposition time. The same variation
of the resistivity has been observed by J. H. Lee et al. [56] and N. Koteeswara Reddy et al. [35].
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4. Conclusions

In summary, we can say that in this study we have proved that the deposition time and the precursor
both affect the thin films (1 and 2) and provide us with different behaviors and interesting characteristics.
X-ray diffraction reveals a good crystalline structure with (001) orientation which corresponds to SnS,
phase and another phase SnS appeared of films 2 starting from 2 min while at film 1 it appeares only
when the film is deposited at 10 min. For both films, the optical and electrical tests show that the
transmittance and resistivity decreasing with increases the deposition time. Finally, we conclude that
the film 2 produces better results from structural, optical and electrical proprieties compared to the
films 1. In addition, the deposition time has effects on these properties in which we can notice that there
is two range from 2 to 6 min and 6 to10 min. This later supplies better results that appears through: the
crystallite size, optical band gap and resistivity for the film prepared using solution 2 compared to the
film prepared using solution 1, whereas the film deposited at 10 min that is characterized (D =23.61 nm,
T=14.25%,E;=2.61 ev and p=0.36 x 10°Q.cm) is an optimal value and it is preferred in the use of
photovoltaic applications.
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