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Abstract

The paper presents studies of optical and electrical properties of SnS; _,Se, (x = 0.26—0.31) thin films
deposited on glass substrates using thermal co-evaporation technique at different substrate
temperatures, 200 °C-350 °C. The as-deposited films were characterized by the energy dispersive
spectroscopy, X-ray diffractometry, scanning electron microscopy, optical transmission and reflection
spectroscopy, four-probe resistivity and photoconductance measurements. The results have shown
that deposited films can be used as absorber layers in thin film solar cell applications, and the optimal
substrate temperature for the deposition is 300 °C.

1. Introduction

For several decades, a variety of metal chalcogenide semiconductors were studied and investigated for solar cell
applications, but only few are identified as better materials for photo conversion process. Among them, only few
semiconductors such as CdTe and Cu(InGa)Se, (CIGSe) were extensively investigated and proved as better
materials for solar energy conversion with reported efficiencies over 20% [1, 2]. Also, these materials are
currently well-established with commercialized technologies in the solar industry. However, the disadvantages
in these technologies are toxicity of Cd and scarcity of Te in CdTe and less availability of In and Ga in CIGS. This
causes health issues in case of CdTe-based solar cells and conflict between supply and demand of materials for
large scale power generation that restrict the mass production of CIGS-based solar cells in near future. Hence,
alternative earth-abundant and non-toxic materials with an easy controllability of stoichiometry are of interest
for future photovoltaics. In this context, Cu,ZnSnS, (CZTS) and Cu,ZnSnSe, (CZTSe) have been considered as
an alternative to CIGS and CdTe, since these materials possess earth abundant and less toxic constituent
elements. However, the conversion efficiencies achieved using these two materials were lower than CdTe and
CIGS technologies [3—6]. The highest power conversion efficiency recorded so far in case of CZTS and CZT Se-
based solar cells were 9.2% [7] and 11.6% [8] respectively, which were less, compared to 12.6% efficiency
achieved on mixed sulfo-selenide CZTSSe-based solar cells [9]. Though it is a potential solar absorber material,
the precise control of composition and structural transitions are difficult due to the presence of more number of
elements. Therefore, simple ternary / binary sulfo-selenide compounds are of great interest for solar cell
application. In this context, tin sulfoselenide (SnS; _,Se,) has attracted the researcher’s interest because of its
suitable and tunable physical properties.

Tin sulfoselenide is a p-type semiconductor capable of absorbing major portion of solar energy with high
optical absorption coefficient (~10° cm ™ ') and tunable band gap energy [10]. Moreover, its constituent
elements are earth abundant and low toxic. Hence, SnSSe is a promising material for low cost thin film solar cell
development. It mostly crystallizes in orthorhombic crystal structure and exhibits the properties of both SnS and
SnSe [11]. Upto now, very limited work has been carried out on the synthesis and characterization of SnSSe in
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different forms such as single crystals [12], nanocrystals [13], nanosheets [14] and thin films [15]. SnSSe thin
films have been deposited by chemical and physical techniques mainly using electrodeposition [16], screen
printing [17], thermal evaporation [ 18] and chemical bath deposition [19]. Although, few groups have
investigated on SnSSe thin films followed by characterization, however, the reported data is very meagre and
needs thorough and detailed investigation of different physical properties in relation to growth conditions.
Recently, Barrios-Salgado et al prepared cubic SnSsSe; _, (x = 0.65) layers by chemical bath deposition and also
developed a solar cell in the configuration of FTO/CdS/Sb,S;/SnS,Se; _,/C-Ag that showed a photo
conversion efficiency of 1.15% [20].

In the present work, SnS, _,Se, thin films were deposited using thermal co-evaporation method for the first
time, which is a suitable technique to deposit compound or alloy materials with flexibility to control the film
composition. In vacuum techniques, substrate temperature is one of the important parameters to be optimized
to grow high quality films. Therefore, SnS; _,Se, films were deposited at different substrate temperatures (T5),
200 °C-350 °C and its influence on the optical, electrical and photoconductive behaviour of as-deposited films
was investigated and reported.

2. Experimental and characterization details

SnS; _,Se, thin films were deposited on soda lime glass substrates using thermal co-evaporation technique
(HHV BC 300 model box coater). For deposition of layers, SnS (Alfa Aesar, 99.7%) and Se (Sigma Aldrich,
99.99%) powders were co-evaporated at a vacuum of 5 x 107> mbar. The layers were deposited at different
substrate temperatures, Ty = 200, 250, 300, 350 °C, while other growth parameters including source to
substrate distance (13 cm) and deposition rate (~20 A s~ ') were maintained as constant. The energy dispersive
X-ray spectroscopy (EDS) was performed to identify the chemical composition of the films. The structural
behaviour of SnS, _,Se, films was analyzed using Ultima IV X-ray diffractometer in the grazing incidence (1°)
diffraction geometry (GIXD) with Cu Ka radiation source (A = 1.5406 A). The surface morphological details of
the layers were investigated using scanning electron microscope (SEM) (5-4800, Hitachi). Photon RT
spectrophotometer (Essent Optics) was used to analyze the optical properties using unpolarized light at room
temperature in the wavelength range, 400—1600 nm. The type of electrical conduction and resistivity of as-
deposited SnS; _,Se, films were investigated using hot probe and four probe techniques respectively. In addition,
the photoconductivity of the films was examined at thermostatically controlled constant temperature 307 K

under LED illumination with radiation wavelength 465 nm and maximum light intensity 3.5 mW cm 2.

3. Results and discussion

3.1. Structural properties

The EDS analysis of SnS,; _,Se, (x = 0.26,0.28,0.30, 0.31) films formed at different T values indicated the
presence of Sn, S and Se as constituent elements. Generally in thermal evaporation, the composition of alloys
critically depends on factors such as substrate temperature, deposition rate and vapour pressure of elements. In
case of SnS; _,Se, films grown at higher substrate temperatures, a rapid reaction of Se vapour with SnS led to the
formation of SnS; _Se, phase by replacing S with Se. In addition, the thermodynamical data shows that the
vapour pressure of S (1 kPa at 508 K) is much higher compared to Se (1 Pa at 500 K). Therefore, the S content
slightly decreases in the films at higher substrate temperatures and Se content increases due to more Se
incorporation.

The GIXD patterns of as-deposited SnS; _,Se, thin films are shown in figure 1, which indicates the
polycrystalline nature of the films with a number of planes that are corresponding to SnS; _,Se, phase with
orthorhombic crystal structure. All the presented planes are closely matched with the planes of SnSy sSeg 5
(JCPDS card no.: 48—1225) with a slight shift in the peak positions due to the change in the composition of the
as-deposited SnS; _,Se, layers with variation of substrate temperature. The films exhibited an intense peak at
20 = 31.7° related to (111) plane as the preferred crystallographic orientation, whose intensity was increased
with increase of substrate temperature. The GIXD studies revealed that the crystallinity of the films was
enhanced with the increase of substrate temperature. Further, two small peaks related to SnS phase was observed
in the films deposited at 350 °C due to desorption of Se atoms at such higher temperatures.

3.2. Morphological studies

The SEM surface morphology pictures of SnS; _,Se, layers deposited at different substrate temperatures are
shown in figure 2. The pictures clearly indicate the effect of substrate temperature on the growth of grains over
the substrate surface. From the images, it was noticed that the films were homogeneous and continuous with the
grains grown uniformly over the substrate surface without any cracks. Initially, the grains were appeared as
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Figure 1. GIXD patterns of SnS; _,Se, thin films deposited at different T;.

Figure 2. SEM images of SnS,; _,Se, films deposited at: (a) T, = 200 °C, (b) T, = 250 °C, (c) T, = 300 °Cand (d) Ty = 350 °C.
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Figure 3. Optical (a) transmittance and (b) reflectance versus wavelength plots of SnS, _Sey films.

bunches of cereals for Ty = 200 °C. With increase of substrate temperature, the individual cereals were
disintegrated into smaller grains that were further grown into larger grains at higher T values. From the cross
sectional SEM analysis, it was noticed that the grains had columnar growth, where the grains were formed
perpendicular to the substrate surface.

3.3. Optical properties
Figure 3 shows the optical transmittance (T) and reflectance (R) spectra of SnS; _,Se, thin films deposited at
different substrate temperatures. The figure depicts that all the films showed very low transmittance and nearly
30% reflectance in the visible region, which indicates that these properties are not significantly influenced by the
change in substrate temperature in such wavelength region. The appearance of interference fringes in
transmittance spectra indicates that the films had good surface homogeneity and uniformity.

The optical absorption coefficient (o) of the films was calculated using the transmittance (T) and reflectance
(R) data by following the relation (1) [21],

e J — R* + 4T?R?> — (1 — R)?
t 2TR?

Q=

ey

where, tis the thickness of the films (~1.0 ym). The dependence of absorption coefficient () of as-deposited
SnS; ,Se, films upon the incident wavelength for films formed at different substrate temperatures is shown in
figure 4. The analysis revealed that the SnS, _,Se, films deposited at T in the range, 200 °C-300 °C showed high
optical absorption coefficient of ~10° cm ™!, while the films at T, = 350 °C showed ~10* cm " in the visible
region and then the absorption decreased gradually with increase of wavelength. The low absorption coefficient
observed in the films formed at T; = 350 °C s due to the presence of secondary phase in the layers thatled to
creation of more localized states in the film [22, 23]. The obtained a value of SnS, _,Se, films is comparable with
the reported values of both SnS and SnSe thin films deposited by thermal evaporation [24, 25].
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Figure 4. Optical absorption coefficient versus wavelength plots of SnS; _,Se, layers.
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Figure 5. Tauc plots of SnS; _,Se, films.

Using the values of o and assuming that the band-to-band transition is direct allowed, the optical energy
band gap (E,) of the films can be evaluated from the Tauc relation [26]:

(ahv)* = A(hv — Ey), 2

where hvis the incident photon energy and A is a constant. The (ahv) 2 versus hv plots for SnS; _,Se, films
deposited at different substrate temperatures are shown in figure 5. The optical band gap energy of the as-
deposited films decreased from 1.59 to 1.46 eV with increase of substrate temperature from 200 to 350 °C (see
inset figure 5). The decrease in band gap energy with substrate temperature was ascribed to the decreased
structural defects, improvement in crystallinity and variation in composition of the films. Similar type of
reduction in band gap energy of SnS films with growth temperature was observed and reported by Zhao et al
[27].
The Urbach energy (Ey) gives the information about the existence of localized states in the band gap region.

Their presence is related to the unsaturated bonds or defects in the films. In low photon energy range (hv < E,),
the absorption coefficient follows the Urbach empirical rule (relation 3).

hv
a = Qg exp[EU], (3)
where, o is a constant.

The value of Ey; can be obtained from the inverse slope of the linear plot of In(«) versus hv as shown in
figure 6 [28]. From the figures, it was observed that the Ey values of SnS; ,Se, films were decreased with increase
of Ty and reached a minimum of Ey; = 178 meV for T, = 300 °C. This indicates that the substrate temperature
plays an important role in reducing the structural defects and localized state density in the band gap region of the
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Figure 6. Plot of In(v) versus hv of SnS; _,Sey films grown at different T.

Table 1. Variation in Ey; and 2 values of SnS, _Se,

films with Ts.

T.(°C) 200 250 300 350
Ey (meV) 265 224 178 369
n 2.90 2.92 2.93 2.97

films. For further increase of temperature to 350 °C, Urbach energy was increased to 369 meV, indicating the
presence of more defect states in the band gap region compared to all other films.

The refractive indices (1) of as-deposited SnS; _Se, films were evaluated from optical measurements using
the Herve-Vandamme formula (relation 4), in which 7 is inversely proportional to E; and A and B are constants
equalto 13.6 eV and 3.4 eV respectively [29].

/2
n=|14 |4 0
E,+ B

The obtained refractive index values of SnS; _,Se, films were slightly increased from 2.90 to 2.97 with increase of
T,. This indicates that the layers became dense with increase in T. The variation in n values with respect to
substrate temperature is given in table 1. Also, these values are in close agreement with the reported values of
Subramanian et al [ 16] for electrodeposited SnS, 5Seq s films.

The extinction coefficient (k) refers to the loss of incident light inside the material due to scattering and
absorption. For the SnS; _,Se, films, the extinction coefficient was determined using the optical absorption
coefficient (), following the relation (5).

ar
47

k= (5)

Figure 7 shows the variation of extinction coefficient against the wavelength () of incident photon energy
for SnS; _Sey films. The figure depicts that the extinction coefficient decreases with increase of wavelength.
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Figure 7. Variation of extinction coefficient, k with wavelength for SnS; _Se, films.

280 =
] —=—T_=200°C =T »
—e—T_=250°C »
240 —A—T_=300°C o
1 —k— T,=350°C S
200 4 e X
%
£ M /
1 60 T * 200 %0 300 30

Substrate temeprature, T, (°C)

Resistivity, p (Q-cm)
g B
1 1

'S
=]
-

—* 1 * I~ T * ¥ - T =~ T % ¥ ¥ I °
300 310 320 330 340 350 360 370 380 390
T(K)

Figure 8. Temperature dependent electrical resistivity of SnS; _,Se, films deposited at different T;.

3.4. Electrical properties
The hot probe measurements showed negative voltage values for all the films, indicating p-type electrical
conductivity in SnS; _,Se, films. From the four probe measurements, the resistivity (p) of the films was decreased
with increase of temperature as shown in figure 8, which confirms the semiconducting nature of the films.
Further, this study revealed that there is a considerable effect of substrate temperature on electrical resistivity (p)
of the films, see inset of figure 8. The resistivity (p) of the films was decreased with increase of substrate
temperature and reached a minimum of 65.2 2-cm at Ty = 300 °C and then increased to 130.0 2-cm with
further rise in T. The decrease in resistivity of the films with substrate temperature represents the better
crystallinity of the films and the increase in resistivity at higher substrate temperature might be due to the defects
present in the as-deposited layers.

In general, the temperature dependent electrical resistivity of a semiconductor material can be ascribed by
the equation (6):

E
= e 6
p= o exp(kBT) ©)

where, pj is the pre-exponential factor, kz is the Boltzmann constant (8.6173 x 107° eV K Y and E, is the
thermal activation energy at corresponding temperature T.

Figure 9 shows the plots of In(p) versus 10° /T of SnS, _,Se, films, which were fitted linearly to evaluate the
activation energy of the films from the slope of the plot (E, = 1000 x slope x kg). The evaluated E, values are
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Table 2. Electrical properties of
SnS, _,Se, films.

I,(°0) p(Q-cm) Ey(eV)

200 244.6 0.22
250 90.6 0.27
300 65.2 0.20
350 130.1 0.22

listed in table 2. The fall in E, values indicates the reduced concentration of defect levels in the films caused by
increase in substrate temperature.

3.5. Photosensitivity

The photoconductivity measurements were performed for SnS; _,Se, films grown at T, = 300 °C, since the
films exhibited better optical and electrical properties than the other films. The photosensitivity (S) of SnS; _Sey
layers can be calculated using the following relation (7), where i, is the photoconductivity and o g, is the dark
conductivity of the layers [30].

Olight — Odark

S = %)

Odark

The variation in photosensitivity of SnS; _,Se, films as a function of incident light intensity (L, mW/ cm?)is
shown in figure 10. The photosensitivity was increased with increase of light intensity due to the increase in
photo generated electron — hole pairs in the layers and thus the photoconductivity [31]. Moreover, the plot
shows that photosensitivity (S) is linearly dependent on light intensity (L) by following power law with intensity,
S o L7, where the parameter 7y value indicates the nature of recombination (mono (7 = 1) or bimolecular
(y = 0.5) recombination) [32]. In the present case, yis ~0.5 confirms the bimolecular recombination
mechanism in the films. These results indicate that SnS; _,Se, films are good photo-responsive and potential for
solar cell applications.

4. Conclusions

SnS; _,Se, thin films were deposited on glass substrates by thermal co-evaporation technique at different
substrate temperatures (200 °C-350 °C). From the structural studies, the crystallinity of SnS; _,Se, layers was
improved with increase of substrate temperature. The optical measurements revealed that the band gap energy
of the films varied between 1.59 eV and 1.46 eV with increase of substrate temperature from 200 °C to 350 °C.
The Urbach energy of the layers was also decreased with increase of T and a minimum value of 178 meV was
obtained at Ty = 300 °C, indicating low density of localized states in the band gap region. A slight increase of
refractive index with a decrease of extinction coefficient was observed as the substrate temperature increased.
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Figure 10. Variation of photosensitivity of SnS, _,Se, films grown at Ty = 300 °C with light intensity.

From electrical measurements, it was inferred that the films deposited at T, = 300 °C had lower resistivity and
activation energy compared to other layers. Moreover, the photoconductivity measurements revealed that the
films are sensitive to incident light and showed increased photosensitivity with light intensity. Further, the
recombination in the films is observed to be bimolecular type. It is concluded from the above analysis that the
films deposited at Ty = 300 °C with good optical and electrical properties can be used as an absorber layer in
thin film solar cell applications.
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