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Tin antimony sulfide (TAS) thin films are deposited on a glass substrate using a
two-source thermal evaporation method. The doping was done to investigate its
results on the structural, electrical, and optical properties of tin-antimony sulfide
thin films. XRD studies disclosed that annealed films exist in the Sn,Sb,Ss phase.
The accurate information about the composition and concentration depth of the
as-deposited and annealed SnySb,Ss thin-films was recorded by the Rutherford
backscattering spectroscopy (RBS) technique. The photoconductivity response of
these films was also excellent and enhanced with the increasing concentration of
tin sulfide. The obtained bandgap was in the range of 1.68-2.31 eV. The thickness
of the films was observed to be 240 nm to 336 nm, and the thin films possessed
P-type conductivity. Electrical properties are significantly enhanced for the ternary
compound Sn,Sb,Ss as compared to Sb,S3. Results show that antimony tin sulfide
has excellent potential in photovoltaic applications.
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INTRODUCTION

he demand for sustainable energy

using solar cells has risen from

a year ago. Since the production
of first-generation research and devel-
opment for enhancement of cell effi-
ciency, new paths towards cost-effective
approaches have opened.'™® Continuous
improvements in photovoltaic devices
have made solar energy economically
useful. Silicon solar cells have attracted
significant attention in recent years and

have reached their theoretical limits, but
their cost remains high. Current pho-
tovoltaics research focuses on earth-
abundant materials, dye-sensitized solar
cells, non-toxic materials, and nanostruc-
tured materials.””!" In thin-film photo-
voltaics, CdTe, GaAs, CulnGaSe, and
InP are the leading materials for solar
cells. But these materials have high tox-
icity and involve rare elements, which
makes them expensive and harmful to the
environment. '>!13 Sulfides based com-
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associated efficiencies of these photo-
voltaics are up to 10.1%. As a result of
their non-toxicity and abundance, sul-
fide materials are preferred as absorber
layers in solar cells. '*"'® Thin films of
pure and doped with Sb,S; are com-
monly used for photovoltaic devices.
The reason for using Sb,S3 thin films
for energy conversion in solar cells
is their properties, such as having a
direct bandgap of 1.78-2 eV and a
high absorption coefficient of 10%—
105cm™!. Solar cells must be man-
ufactured with less expensive mate-
rials to be cost effective and eas-
ily commercializable, should have a
direct bandgap, and high absorption of
light.!® To obtain the required phys-
ical properties, the improved method
was introduced as the substitution of
an atom with fewer or more elec-
trons in its valence shell compared to
the host atom. Sb,S3; is a member of
the V-VI layered semiconductor fam-
ily. In the family of available chalco-
genides, SbyS3 soft films are used in
many essential applications, such as
highly reactive cooling systems, solar
power conversion, solid-state devices,
and TV type screens.”’ SnS is also
a well-practiced chalcogenide material
that has a high optical absorption coef-
ficient, p-type conductivity, and a min-
imal direct band gap of 1.3-1.4 ¢V. The
energy conversion efficiency of tin sul-
fide is expected to be up to 32%, which
is comparable to crystalline silicon.
Whereas SnS is stable in both acid and
alkali conditions, All these factors indi-
cate that the substitution of tin sulfide
to form SbSnS semiconductors will sig-
nificantly affect photovoltaic applica-
tions. 21?2 In previous literature, many
procedures have been used for Sb,Sj3
and SnS deposition, such as chem-
ical bath deposition, chemical vapor
deposition, electric deposition, electron
beam, spray pyrolysis. In the present
studies, Sn-doped using S as a precur-
sor in Sb,S3 deposited onto a glass sub-
strate using two source methods, char-
acterized by XRD and SEM for struc-
tural and morphological properties, and

Rutherford back scattering (RBS) for
elemental and compositional analysis.
The optical parameters like refractive
index (n), extinction coefficient (k),
absorption coefficient (), and optical
conductivity was calculated by ellip-
sometry. Tin generates acceptors level
that helps to enhance optical process-
ing. Formation SbySn;Ss with differ-
ent compositional wait percentages of
Sn significantly improved the opti-
cal structural and electrical properties.
Results evidenced that Sb,Sn, S5 could
bring a potential enhancement in the
efficiency of solar cells.

EXPERIMENTAL SETUP

The two-source thermal evaporator was
used for doping by the sublimation
technique. All elements, i.e., S and Sb,
have 4N purity, were used to prepare
the initial ingot of Sb,S3. Because sul-
fur can explode when heated rapidly, so
as a precaution, we increased the tem-
perature at a relatively slow (15 °C/h)
rate. A complete uniformity in compo-
sition is accomplished by keeping the
mixture at 350 °C for 24 hours. X-
rays of powder analysis was performed
to study the crystal structure of fabri-
cated materials. X-rays charachteriza-
tion results showed that only the homo-
geneous Sb,S3 phase was formed in the
ingot. Henceforth, the grinded smooth
powder form of this ingot is used as the
starting material for thermal evapora-
tion.?324 SnS and Sb,S3 powders were
co-evaporated and deposited using a
two-source method on a glass sub-
strate, as shown in Figure 1, using
sulfur as a precursor in SnS. The
quantity of the SnS was divided as
0.1%-0.4% molecular weight com-
pared with the Sb,S3 compound source.
These materials were vaporized from
Al>Os3 crucibles in the vacuum cham-
ber for sublimation on glass substrates.
The pressure of the vacuum-chamber
was kept at about 2 x 10~ *mbar. After
deposition of thin films, we annealed
all samples at 425 °C for 24 hours in
vacuum-packed glass vessels contain-

ing argon gas.

RESULTS AND DISCUSSION

The discussion is mainly focused on
physical properties, 1i.e., structural,
optical, and electrical. X-ray diffraction
(XRD), scanning electron microscopy
(SEM), Rutherford backscattering
(RBX), ellipsometry, and Hall measure-
ment techniques were used to obtain
experimental data on these important
physical properties. The results are dis-
cussed in detail to get a comprehensive
analysis of the properties of the target
material as thin-film. The structure of
prepared specimens has been analyzed
using x-ray diffraction (XRD) with a
Cu KaA = 1.54 A radiation source.
The diffraction spectra of all samples
and calculated parameters are indexed
in Figure 2(a—c). The orthorhom-
bic phase of Sn;Sb,S; was well-
coordinated with (44-0829, JCPDS-
ICDD), whereas Sb,S3 matched with
pdf # 42-1393. Furthermore, it con-
forms to space group pnma (62) with
cell parameters a=19.59,b=3.93, and
c=11.426. Peaks at 29.2°, 30.6°, 32.1°,
40.6°, 41.7°, 43.9°, 45.0°, and 51.5°
have correspondence with planes (114),
(312), (042), (143), (108), (047), and
(215) which are attributed to Sb,Sn, Ss.

The sharp peaks in Figure 2(a) sup-
port the polycrystalline behavior of
these films. The preferential orienta-
tion of crystal planes in these thin
films is (114). Qualitatively, XRD pat-
terns show that the compositions of
SnySb,S5 thin films are almost the
same as those of the initial mate-
rial. The diffraction angle 20 slightly
shifted towards higher intensity with
the addition of tin sulfide in the SbyS3
because of the addition of Sn atoms in
lattice sites to reorient SbySs3 planes.
The deviation of dislocation density
and associated strain with increasing tin
sulfide indicates that values are expo-
nentially dropped, while the minimum
is recorded for the film with 0.4% Sn.
The lower amount of dislocation den-
sity and strain obtained at the high-
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Figure 1. Representation of experimental route using two-Source sublimation technique and formation of the thin film of
SbyoSnySs using ShrS3 and SnS as starting materials.
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Figure 2. (a) XRD pattern for Tin antimony sulfide thin films with varying concentration of Sn, (b-c) Dislocation and induced
lattice strain without substitution of Sn as 0% and after incorporation of Sn from 0.1 to 0.4 %

est Sn concentration reveals the good
crystalline effect of tin-antimony sul-
fide films. While the increase in tin
ratio significantly increases the grain
size from 21 nm to 41 nm. Small crys-
tallites can fuse to make larger crys-
tallites, resulting in micro-cracks and
surface roughness. Annealing is well-
known for reducing the stress on film as
well as decreasing the d-spacing. XRD

patterns indicate that the increase in
tin sulfide leads to the improvement of
the film’s growth in the favored ori-
entation. For surface morphology and
compositional analyses, scanning elec-
tron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS)
are used.?>>® The SEM images of the
samples are shown in Figure 3.

The surface of the samples looks
smooth and free from roughness, but
at the micro-level, the surface samples
show little blisters on the surface. Grain
size and grain boundary enhancement
with an increase in the concentration
of SnS small grains merged, and also
larger grains split into smaller grains
and reoriented themselves, which had
an effect on the whole structure. SEM
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Figure 3. SEM images (a) Thin-film surface of Sb»S3 without Sn (b-e) surface of Sb2SnySs with Sn (0.1 to 0.4%) (f) EDS

mapping of Sn, Sb, and S.

images also indicate a decrease in the
roughness of the layer by increasing
the concentration of SnS. According
to SEM images, we calculated that
the average grain size is almost 84.34
nm with beam energy of 20 keV. The
creation of a large number of tightly
bound particles of different sizes can
be seen in these images. The grain size
is observed to increase with Sn con-
centration, as shown in Figure 3. The
increase in grain size is due to Sn con-
centration with improved crystallinity,
as calculated from the XRD results. The
RBS measurement was carried out on
the 5 MV tandem accelerator (SUDH-
2, NEC) using a 2.023 MeV He™ colli-
mated beam.

RBS is a well-described, non-
destructive, analytical, quantitative,
and unique fundamental investiga-
tional accelerator dependent tool. For
material examination, it is a distinc-
tive technique broadly used in thin
films for thickness, depth profiling

of essential elements, and elemen-
tal composition. The analyzed depth
for incident protons and Hetions is
typically near 20 m and 2 m, respec-
tively.2!** The structural analysis of
the films was performed using a D-8
Discover diffractometer with Cu Ko
radiation (wavelength, A = 1.54 A).
The RBS experiments were done on
SnySb;Ss thin films of varying com-
positions deposited on glass substrates.
The gathered RBS spectra were then
fitted by the code RUMP to locate the
relative concentrations of a mixture
of elements in the films.?3" Figure
4 shows the RBS spectra of annealed
films of SnySb,Ss which proves that
the film thickness and concentration
of SnS shift the peaks in the higher
region. RBS measured a film thick-
ness ranging from 238 nm to 290 nm,
which was compared to the thickness
measured by ellipsometry, as shown
in Figure 4(b). The peaks of the heavy
elements (Sn, Sb, and S) can notice-

ably be separated by the He™ beam and
accordingly can be used to resolve the
relative thickness and stoichiometry of
the films. The edge arising at a channel
just below 1200 is due to the thickness
of films present on the substrate.3!

The energy channel correspondence
for tin is 1585; antimony is 1594;
while for sulfur, it is 1052. A notice-
able change in elemental ratio concern-
ing stoichiometry within the layers has
been observed. It was noticed that an
edge occurs at 1200. The edge arises
due to the excessive enrichment of Sn
in the SnySb, S5 and corresponds to the
unbound Sn content which subsists on
the surface. According to the RUMP
simulation software, thin-film of Sn
0.4% exhibits the most homogeneous
Sn concentration as a function of depth
as compared to other studied samples.
The thickness of the films estimated by
the RBS technique and spectroscopic
ellipsometry are in good agreement.
Moreover, the deposited films were
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Figure 4. (a) Rutherford backscatteringspectra(RBS) of all SI samples, (b) Film thickness over increased concentration of Sn
by RBS, and its comparison with ellipsometry.
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Figure 5. (a-d) Diffuse reflectance spectroscopy (DRS) (a-e) optical band gap estimation of SbyS3 and SbySn,Ss using tauc-
plot, (d) schematic diagram of band-edge with corresponding NHE potentials.

homogeneous, even, and well adherent
to the substrate. The bandgap of the
samples was calculated by DRS, which
is shown in Figure 5. The calculation
was done by using a kabulka maunk
and tauc plot method using reflection
data.3>33 The obtained bandgap of a
sample with Sn=0%, which represents
Sb,S3, is 1.68 eV, whereas the forma-
tion of SbySn, S5 significantly changes
the bandgap from 1.68 to 2.31eV, as

shown in Figure 5(a-¢). The band edges
of all samples are shown in Figure
5(f), where conduction and valance
band edges widen as tin ratios increase.
Substantial favorable placement of the
Fermi level near the valance band, i.e.,
0.91eV, indicates that it has P-type
behavior. The bandgap of samples lies
within a visible region, which makes it
favorable as an absorber layer of solar
cells. Further optical parameters like

refractive index, extinction coefficient,
and dielectric coefficients were cal-
culated by the ellipsometry technique
using an apparatus model named (J.A.
Woolam M-200VI) given in Figure 6.

The thickness of the Sn,Sb, S5 films
is measured by ellipsometry as given
above, which is in the range of 251
nm to 330 nm. Optical properties were
analyzed from 300 nm to 900 nm
in wavelength at room temperature.
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Figure 6. Ellipsometry of SbSn,Ss thin films (a) Refractive index (n) (b) Extinction coefficient (k) (c-d) Dielectric constant

el and €2.

The measurements were carried out on
prepared thin films with varying tin
sulfide concentrations. In Figure 6(a-
b), the refractive index (n) and the
extinction coefficient ”K” were plot-
ted against the wavelength of refrac-
tion tells us the penetration of light
in the material and the amount that is
reflected from the surface. In this con-
text, the refractive index of SbySn,S;3
has a dominant decrease after sub-
stitution of Sn and follows up with
an increase ratio. At the same time,
a marginal increase was observed in
the extinction coefficient for increas-
ing Sn concentration, which indicates
the enhanced absorption of light in thin
films. The higher value recorded was
for Sn=0.4% concentration. Dielectric
constants are shown in Figure 6(c-d).
They are divided into real (&;) and
imaginary (€;) parts. It decides the
response of the material under elec-
tromagnetic radiation where real and

imaginary are inverse to each other.
€, increased with a thickness which
directly relates to enhanced absorption
of light, but £; describes the retardation
of light in the film. 10-12

The electrical analysis was done by
hall measurement using a two-probe
method, and by finding the Current-
Voltage (IV) response for all sam-
ples and results are shown in table
1 and Figure 7. According to the IV
curve, we perceive that the examples
are highly conductive. By hall measure-
ment, we confirmed that the samples
are conductive, having low resistive
values, high carrier concentration, and
high sheet carrier mobility. The con-
sequences of tin density on thin-film
resistivity, mobility, and carrier con-
centration were measured. Some of the
essential parameters are that the area of
thin films was 1 cm? along with 0.55-
tesla constant magnetic field, and one
mA current was applied. Calculations

show that resistivity lowers its com-
ponents with increasing tin concen-
tration.>*3> The resistivity decreases
mainly due to an increase in the crys-
tallinity of the material. That enhances
free charge carriers, as confirmed by
XRD and SEM results. The relation
between mobility and resistivity shows
that the mobility of carriers and con-
centration is enhanced. The carrier con-
centration increases with the tin com-
ponent until it attains a maximum.

Where Rs stands for sheet resis-
tance; Rho stands for resistivity; Con
stands for conductivity; Ns stands for
sheet carrier concentration; and us
stands for sheet carrier. Mobility The
mobility value without tin is 11.9 cm?
V-1 571, while Sn=0.4% is 20.4 cm?
V~! s71. This increase in mobility is
attributed to the availability of free
electron charge carriers coming from
the tin ions. In SbyS; sites, tin ions
are placed and decrease the potential
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Table 1. Hall Measurements of the Sb2Sn,Ss thin films.

Sam- Sheet resistance Resistivity Conductivity Sheet carrier Sheet carrier mobility
ple (ohm/sq) (ohm.cm) (1/ohm-cm) concentration(1/cm?) (cm?/Vs)
Sn=0.0%3.21 x 107! 1.12x 107 8.94x 10* -1.37x 101 1.19% 10!
Sn=0.1%1.86x 10! 6.45%x 1070 1.55% 103 -1.38x 101? 2.44x 100
Sn=0.2%1.03x 10! 3.64x 107° 2.75% 10° -5.48x 1018 1.10x 10!
Sn=0.3%9.93x 1072 2.34x 107° 427x 10° -2.16x 10" 3.94x% 100
Sn=0.4%1.68x 10~! 5.63%x 107° 1.78x 103 -1.81x 10" 2.04x 10!
3.5 54 1.4
— - Conductivity
50, (a) 48 4 (b) @ Resistivity |, ,
Q P
25 21 ¢ L 1.0
7361 ,é..
~ 2.0 4
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Figure 7. (a) I-V measurements of all samples with different concentrations of Sn, (b) conductivity versus resistivity with a

different weight percentage of Sn.

grain barrier. The increase in mobil-
ity has a lower value for samples 2
and 3 as compared to other samples,
due to the increasing rate of scatter-
ing for charge carriers along with the
formation of secondary levels, as con-
firmed by the X-ray diffraction tech-
nique. In I-V measurement, the evalu-
ated electrical parameters support that
TAS thin films prepared by the two-
source method demonstrate better elec-
trical conductivity due to better crys-
talline quality.

CONCLUSIONS

Tin antimony sulfide was deposited on
the glass surface by a two-source evap-
oration vacuum thermal technique and
then annealed in an argon (Ar) gas envi-
ronment at 350 °C. The crystallite size
is calculated by x-ray diffraction and
increases with Sn concentration. How-
ever, the average particle derived from
SEM images is 76.15 nm. We see the

homogenous structure of thin films by
SEM images and grains are uniformly
distributed on thin films. The physi-
cal formation of tin-antimony sulfide
on thin films is crystalline in nature,
with an orthorhombic phase. The mate-
rial has a direct bandgap that covers the
visible region and shows P-type con-
ductivity. The refractive index, extinc-
tion coefficient, and dielectric con-
stants prove beneficial in enhancing
photon-surface interaction. The elec-
trical properties of Sb,Sn;S5 improved
after the substitution of Sn with an
increase in ratio. These observations
suggest that thin-films of Sb,S3, in
combination with SnS, offer results
which open up various possibilities for
future work on this theme of the multi-
layer of the solar cell.
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