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Tin sulfoselenide (SnS;_xSex) is a novel ternary semiconductor that belongs to the IV - VI group of com-
pounds. It possesses the properties of both SnS and SnSe, which are proved as good absorber materials for
solar cell fabrication. In the present work, SnSq 7Seq 5 thin films were deposited by vacuum co-evaporation
technique at four different substrate temperatures (Ts), 200 °C, 250 °C, 300 °C and 350 °C. The optical
properties of as-deposited SnSy;Seg 3 films were analyzed using optical measurements. From the optical
transmittance and reflectance data, the band gap energy of the layers was determined that varied in the
range, 1.59-1.46 eV. The other optical parameters such as skin depth, refractive index, extinction coeffi-
cient, optical conductivity and dielectric constant of SnSy;Seq 3 layers were determined and discussed as
a function of substrate temperature. Moreover, the dispersion parameters of the layers were also evalu-
ated using Wemple - DiDomenico (WDD) single oscillator model. The dispersion energy (E4) and oscilla-
tor energy (E,) of the films were evaluated and varied in the range, 2.19-2.38 eV and 7.55-9.52 eV
respectively. Moreover, the optical dispersion moments (M_; and M_s3) were also calculated that were
varied from 0.25 to 0.29 and from 2.76 x 10~ to 5.08 x 103 respectively.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction temperature on the optical and dispersion properties of as-
deposited films was studied in detail and discussed in this paper.
Tin chalcogenide semiconductors of IV-VI group have attracted
considerable interest of researchers because of their distinct proper-
ties suitable for wide range of applications in optoelectronics, pho-
tovoltaics, storage devices and other semiconductor devices, since
its constituent elements are abundant, inexpensive and less toxic
[1]. Among various tin chalcogenide materials, tin sulfoselenide
(SnSSe) has received more attention recently, due to its tunable
physical properties. SnSSe is a p-type semiconductor mostly crystal-
lizes in orthorhombic structure and its band gap energy can be var-
ied in the range, 1.0 - 1.5 eV for absorbing a major portion of solar
energy |2]. Therefore, SnSSe is perceived to be a promising candi-
date as a light absorbing material for the development of polycrys-
talline thin film solar cells [3]. In the present work, SnS; Sex
(x ~ 0.3) thin films were deposited on glass substrates using ther-
mal co-evaporation method at different substrate temperatures,
200-350 °C. The structural, surface morphological, optical and other
physical properties of as-deposited films with respect to substrate

2. Experimental details

SnS;_xSey thin films were deposited by thermal co-evaporation
technique (using HHV BC 300 model box coater), a suitable tech-
nique to prepare compound or alloy films. For deposition of SnS;.
xSeyx films, 0.1 gm of SnS (Alfa Aesar, 99.5%) and 0.05 gm of elemen-
tal Se (Sigma Aldrich, 99.99%) were taken as source materials and
were simultaneously evaporated onto pre-heated soda lime glass
substrates at a rate of 20 A/s under vacuum of 5 x 10> mbar. The
films were deposited at different substrate temperatures ranging
from 200 °C to 350 °C, while the thickness of the films was moni-
tored and maintained as ~ 1 um during deposition using quartz
crystal thickness monitor (model CTM 200). The optical as well
as dispersion properties of as-deposited films were studied in
detail using Photon RT spectrophotometer measurements.

temperature were reported elsewhere [4,5]. The effect of substrate
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3. Results and discussion

The as-grown films were uniform and pin-hole free as noted by
the visual observation. The EDS composition analysis indicated
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x = 0.3 in SnS;_Sex layers. Hence, the optical properties of SnSq ;-
Seq3 films were investigated in this work and given below.

3.1. Optical properties

The optical absorption coefficient (o) of SnSg;Seqs films was
calculated using both transmittance (T) and reflectance (R) data

4 2 2
v (1-R)*+4T?>R*~(1-R) >’ where t

2TR?

is the film thickness (~1 pum) [5]. Fig. 1 shows the variations in
absorption coefficient with respect to incident photon energy
(hv) of SnSg;Seq s films deposited at different substrate tempera-
tures (Ts = 200-350 °C). From the figure, the absorption coefficient
of the films is > 10* cm™! in the visible region and is supporting the
direct allowed transition in the films. It is also noticed from the fig-
ure that the absorption coefficient of the films deposited at
Ts =350°C is low compared to other films. This is because of the
presence of secondary SnS phase (not shown here) in the layers
[4] that led to form more localized states in the film [6]. The optical
band gap energy (E;) of the films can be determined using the
absorption coefficient data by following the relation,

(ah9)* = A(h9 — E;), where A is a constant. The Tauc plots of the
films are shown in inset of Fig. 1. The E, values determined at fun-
damental absorption edge are 1.59 eV, 1.56 eV, 1.53 eV and 1.46 eV
for the films deposited at Ts =200 °C, 250 °C, 300 °C and 350 °C
respectively. The band gap energy of the layers is decreased with
increase of substrate temperature due to improved crystalline
quality of the layers [7].

The skin depth or penetration depth (J) is an important param-
eter that gives information about the travelling distance of light
photons inside the material before being absorbed and is associ-
ated with the absorption coefficient of the material. It can be eval-
uated using the relation, 6 = 1/o. Fig. 2 shows the variations of skin
depth as a function of photon energy of as-deposited SnSq-Seg 3
films. The skin depth in SnSy;Seps layers is decreased with
increase of photon energy, indicating strong absorption of high
energy photons, while the low energy photons are passed through
the layers.

by following the relation, o = —1In

3.2. Optical and dielectric constants and optical conductivity

The optical constants, extinction coefficient (k) and refractive
index (n) of SnSq;Seg 3 films were evaluated using appropriate for-
mulae reported in literature [8] and their variation with wave-
length is shown in Fig. 3 (a and b). From the figure, the decrease
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Fig. 1. Plot of o versus hv and Tauc plots (inset) of SnSp7Seq3 films.
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Fig. 3. Variation of (a) extinction coefficient and (b) refractive index with
wavelength of SnSy;Seq films.

in extinction coefficient with increase of wavelength refers to the
minimized light absorption loss in the layers, whereas the decrease
in refractive index against the wavelength indicates the normal
dispersion of light in the layers.

The dielectric constant is one of the intrinsic properties of a
material, which is directly proportional to the polarizability of that
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material. The real (¢;) and imaginary (&;) parts of dielectric constant
can be determined using n and k values following the relations,
& =n? —k* and & = 2nk respectively [8]. Fig. 4 (a and b) shows
the plots of real and imaginary parts of dielectric constant of
SnSy.7Seq 3 layers, which were decreased with increase of substrate
temperature. Further, the ratio of imaginary to real parts of dielec-
tric constant gives information about the energy dissipation in the
material and is called as dissipation factor (tan ). Fig. 5 shows the
dielectric loss factor of SnSg;Segs films as a function of wave-
length, which was also decreased with increase of Ts.

The optical conductivity (o,p) is an optical response of a mate-
rial to the incident photon energy. It directly depends on both
absorption coefficient and refractive index of that material. It can
be determined using the relation, ., = 4%, where c is the velocity
of light and has dimension of frequency [9]. The variations in opti-
cal conductivity of SnSq 7Seg 3 layers as a function of photon energy
is shown in Fig. 6. A sharp increase in optical conductivity is
observed after ~ 1.4 eV for all the films under investigation, which
is attributed to the high optical absorption of SnSy;Segs films in
the high photon energy region.

3.3. Dispersion properties

The single oscillator model proposed by Wemple - DiDomenico
(WDD) was applied to SnSy ;Seq 3 layers to analyze various disper-
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Fig. 6. Variation of optical conductivity with photon energy of SnSq;Seq 3 films.

sion parameters. The dispersion energy (E4) and oscillator energy
(E,) of SnSy;Seq s films were determined using the WDD relation
(1) and given in Table 1

EJE,

n=1+—"-2_
E — (ho)’

(1)

where n is refractive index and hv is photon energy. Fig. 7 illus-
trates the plot of (n?-1)' as a function of (hv)? and fitted it to
straight line, the values of Eq and E, can be determined directly
from the intercept on vertical axis (E./Eq) and slope (Eq.E,)' of
the plot respectively. Further, the static refractive index (n,) and
static dielectric constant (&,) were also evaluated using the follow-

Table 1
Dispersion parameters and moments of SnSy;Seq s films deposited at different T
values.

Ts (°C) 200 250 300 350
E, (eV) 2.38 2.34 2.29 2.19
Eq (eV) 9.52 9.36 9.16 7.55
Mo 2.24 2.23 2.23 2.11
£o 501 497 497 4.45
M., 0.25 0.25 0.25 0.29
M_3 x 1073 2.76 2.85 2.97 5.08
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Fig. 7. Plot of (n?-1)! versus (hv)? of SnSg;Seq s films.
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ing equation (2) [8]. The calculated values of dispersion parameters
are also listed in Table 1 and found to decrease with increase of Ts.

Ea 2)

E,

The moments of optical dispersion spectra, M_; and M_3 can be
evaluated using the relations (3) and (4), where E, and Eq4 retains
their usual meanings [10]. In contrast to other dispersion parame-
ters, the optical dispersion moments of SnSy;Segs layers were
slightly increased with Ts (see Table 1).

n2=g=1+

2 _ M—l
Eo - 1\/173 (3)
M3
EZ _ 1 4
M 4)

4. Conclusions

The optical and dispersion characteristics of thermally co-
evaporated SnSp;Seqs thin films deposited at different substrate
temperatures (200-350 °C) were studied. The band gap energy of
as-deposited layers were evaluated that varied in the range,
1.59-1.46 eV with increase of substrate temperature. The skin
depth and optical constants of SnSg ;Seq 5 films were also evaluated
using the optical absorption data. The real and imaginary parts of
dielectric constant were calculated. The optical conductivity of lay-
ers was found to be of the order of 10'* s~'. Further, the dispersion
parameters were analyzed by applying Wemple — DiDomenico sin-
gle oscillator model and observed that the parameters were
strongly dependent on substrate temperature. The results of above
analysis suggested the potential use of SnSy;Seq 3 layers in photo-
voltaic applications.
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