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Abstract

In today's era of technology and
research, nanotechnology plays a vital role. In
every field, the structures are becoming
miniature, which reduces the circuit size and
cost but effectively increases the working
efficiencies. In this regard, nanostructured thin
films have great importance due to their
numerous and outstanding applications in the
field of optoelectronic devices as they retain
extraordinary properties related to electronic
and optical fields. In the present research,
indium sulfide (In,S3) films were grown on
glass substrates by the spray pyrolysis
technique. The  deposited films are
nanocrystalline with a tetragonal lattice with a
preferred orientation (2 0 6) and a direct
bandgap of 2.80 eV. The as-deposited films
have an electrical resistivity ranging from
10*°Q.cm. The In,S; thin films have n-type
conductivity as confirmed by thermo-emf
studies.
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I. INTRODUCTION

In today’s research scenario, thin films of indium sulfide play a vital role in numerous
scientific and technical applications due to their important photo-conducting properties, large
bandgap, and constancy. Indium sulfide is an I11-VI semiconductor material. Depending on
temperature and pressure, it can take various polymorphic structures like alpha (o), beta (B),
and gamma (y) depending on the operational parameters. As compared to o and y, at room
temperature, B-In,S; is the most stable structure. As reported by Bube, “B-In,S; is an n-type
semiconductor with a direct bandgap of 1.98 eV”’ [1].

In a stoichiometric In,S; crystal, the degree of disorder is high due to its complicated
structures, which made this material makes useful in different fields [2]. T. Theresa John et
al. [3], “fabricated cells with a single layer of CulnS, and a double layer of In,S; using CSP
technique with Ag electrode. The layer of silver-coated on the surface of the In,S3 buffer
layer helped in improving the crystallinity of the In,S; layer which might result in the better
collection of photogenerated carriers at the electrode”. According to M. Calixto-Rodriguez et
al. [4], the deposited indium sulfide thin films have a bandgap of 2.04 eV with negative type
conductivity and these films can be used in photovoltaic heterojunction devices for making
window material. P.O’Brien et al. [5] used a low-pressure metal-organic chemical vapor
deposition technique for the deposition of a-1n,Sz. They also reveal that precursors play a
vital role while determining steps in the deposition process, irrespective of the optimized
parameters such as used substrate, temperature, etc. K. Hara et al. [6] suggested that metal
sulfides can be used for different applications in optoelectronics, photovoltaic, and
photoelectrochemical solar cell devices as inorganic semiconductor materials.

S. Rasool et al. [7] implemented a thermal evaporation technique to deposit films of
In,S3 using a glass substrate and studied the optical properties which reveal that the films at
300°C have good crystal structure with consistent morphology with a bandgap of 2.74eV.
According to Cherian et al. [8], if an appropriate amount of chlorine is doped in B-In,S3 thin
film, high photosensitivity can be achieved due to which the resultant material can be used in
various photovoltaic implementations. Yahmadi et al. [9] observed that the deposition
parameters as well as substrate annealing temperature intensely affect the film deposition.
The films obtained by them were homogeneous and crystalline when annealed at
400°C.Using the chemical bath deposition technique; Meng et al. [10] deposited n-type cubic
structured indium sulfide thin films.

Mari et al. [11] electrochemically deposit tetragonal phased thin films and utilize them
as a buffer layer in place of cadmium sulfide in photovoltaic devices. Hsiao et al. [12]
deposited tetragonal In,S; on the p-Si substrate by chemical bath deposition method with a
bandgap of 2.5 eV. Sall et al. [13] deposited B-In,Ss thin films on the ITO glass substrate by
varying the temperature and reported that the films have a tetragonal phase and the films
deposited at 300°C has higher transmittance value and a bandgap of 2.95eV. By using the
thermal evaporation technique, Chander et al. [14] deposited thin films of indium sulfide and
study the electrical, structural, and optical properties by changing thickness. They reveal that
deposited films have an amorphous phase but as they increase the film thickness the phase
changes to crystalline. Similarly, the refractive index and conductivity increase while the
excitation coefficient and resistivity decrease with thickness. Currently, different techniques
were used for In,S; film deposition. There are different works from different researchers
thatconfirm that there is a remarkable influence on the performance with respect to the
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deposition used. Films deposited by physical vapor deposition show negative type
conductivity and have a bandgap of 2.80 eV [15].

Puspitasari et al. [16] utilized a chemical bath deposition technique to deposit indium
sulfide films and reports n-type conductivity with polycrystalline nature and cubical lattice
having a bandgap of 2.84 eV. Spiering et al. [17], adopted the atomic layer chemical vapor
deposition method was used to deposit indium sulfide films that replace cadmium film as a
buffer layer in thin-film solar cells. The thermal evaporation technique was used by Timoumi
et al. [18] for the deposition of indium sulfide films which they have used as a substitute for
cadmium sulfide film which may be implemented as buffer coating in thin-film solar cell
technologies.

In regards to finding a replacement for buffer material cadmium sulfidein
Cu(In,Ga)Se; solar cell, indium sulfide films were deposited using ultrasonically sprayed
layers, and different parameters were studied by Ernits et al. [19]. Rahman et al. [20] report
the studies of physical properties of spray deposited In,S;3 thin films at 300°C using glass
substrates and also reveal that if the temperature is further increased, the decreases in the
bandgap to 2.50eV from 2.90eV is observed. The spray-deposited films prepared by Soro et
al., show the value of the bandgap as 2.90 eV and this value decreases to 2.45 eV when
deposited by the electrochemical deposition method [21, 22]. Barreau et al. [23] utilized the
physical vapor deposition method to deposit n-type indium sulfide films with a variation in
bandgap from 2.1 eV to 2.9 eV concerning oxygen percentage. Yaxin Ji et al. [24]
investigated the photoconductive properties and physical properties with the impact of
thickness variation in single-phase B-1n,S3 films fabricated using RF magnetron sputtering.

In the current research work, indium sulfide (In,S3) thin films were deposited by
simple and low-cost spray pyrolysis method at 573K, and the composition-dependent
structural, morphological, optical, and electrical characterization were studied.

Il. EXPERIMENTAL DETAILS

Researchers are more focused on the development of cost-effective deposition
techniques to deposit thin films. Spray pyrolysis has been utilized since 1982. Bates et al.
deposited thin films (about 1pum) of CulnSe, by spray pyrolysis [22], as it is a continuous,
controllable, and economical process for the preparation of nanoparticles. From this point of
view in the present research work, a simple, economical spray pyrolysis deposition method is
used for the deposition of thin films of indium sulfide (In,S3).

Indium sulfide (In,S3) thin films were prepared on the non-conducting glass as substrate
using a precursor solution containing thiourea (CH4N,S), indium (111) chloride (InCls)
dissolved in doubled distilled water. The solution prepared by adding 20 mL of 0.1M indium
chloride to 20 mL of 0.2M thiourea in a measuring cylinder was of stable phase. Aqueous
solutions of 0.2M CS(NHy), and 0.1M (InCl3.4H,0) were used as sources for S and In,
respectively. Substrate cleaning plays an important role in obtaining good-quality of adhesive
film. If the substrate is not cleaned properly the unclean oleaginous substrate results in non-
uniform and non-adhesive thin film deposition.

The substrates were commercially available micro-glass slides having a size 0f26 x 76
x 2 mm?®that were kept in a beaker containing chromic acid and boiled for 30 minutes, and
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then these glass slides were washed thoroughly with liquid detergent and acetone. At last,
these glass slides were cleaned ultrasonically with double distilled water for at least 10
minutes before the start of the deposition process.

While depositing the film, the spray flow rate is one of the most important parameters
and it must be optimized exactly because the film deposition on substrate depends on this
factor. In the present work, the optimized value of the spray flow rate is found to be
3mL/min. The total solution sprayed was 10 mL in volume. The deposited films show cracks
and irregular deposition if the spray rate exceeds the optimized value of flow rate and if these
values are lower than the optimized value the deposited films are uneven/broken due to
inadequate amount of solution sprayed.

Several trials were carried out for optimizing different parameters (Table 1), such as
the temperature of thesubstrate, flow rate, spray solution volume, etc. [25]. The distance
between the substrate and nozzle was kept 25 cm while the optimized temperature was found
to be 573 K for film deposition. The gravimetric weight difference method was used for the
determination of the thickness of the film which is found to be 210 nm. Structural analysis
was carried out using an X-ray diffractometer (PANalytical X Pert Pro) with CuKa radiations
of wavelength 1.5404A surface morphological investigations were done by using JEOL-
6380A scanning electron microscope. Perkin Elmer (Lambda 25 UV-VIS spectrophotometer)
was used for the determination of the optical properties of the as-deposited thin films.

Table 1: Optimized preparative parameters

Name of Parameter Optimized value
Composition of spray solution 20mLO0.1M I_ndlum chloride + 20
mL, 0.2 M Thiourea
Nature of substrate Amorphous glass
Substrate temperature 573 5K
Spray rate 3 mL /min
Spray nozzle diameter 0.5 mm
Nozzle to substrate distance 25cm
Compressed air pressure 2.5 kg/cm?

1. RESULT AND DISCUSSION

1. Structural Properties: X-ray diffractometry is a well-known process for the
determination of structural patterns of deposited materials. In the existing investigation,
indium sulfide thin films were chemically deposited on a nonconducting glass substrate.
A multipurpose X-ray diffractometer (PANalytical X Pert Pro) with CuKa radiations of
wavelength 1.5404A is used.
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Figurel: XRD pattern of In,S; thin films

Figure 1 shows the structural pattern of indium sulfide thin films which reveals
the existence of (103), (206), (215), (0012), (316), and (413) peaks with tetragonal
structure and having the preferred orientation along (206) plane and reflects on its texture
which is very uniform and highly oriented. The appearance of X-ray reflections at
20=14.015°, 28.915°, 29.469°, 33.191°, 41.001°, and 50.101° is in correlation with
JCPDS (25-0390) standards as shown in Table 2.

For calculating the grain size full-width half-maximum data was used. Then the
values are put in Debye Scherrer’s formula [26]. The obtained value of crystallite size for
the films was 39 nm.

Where D is grain size, A is X-ray wavelength (0.154 nm), B represents full width-
at-half-maximum, 0 denotesBragg’s angle respectively.

Table 2: Comparison of observed and standard XRD data of 1n,S; thin films (JCPDS
card 25-0390)

Observed data Standard data

Film 0 (degree) | d (A) | 20 (desree) | d (A) bkl | Phase
14.015 6.321 14.250 6210 |[103 | Tetragonal
28.915 3.006 28.662 3112|206 | Tetragonal
Lo | 29469 3.131 29,604 3.015 |215 | Tetragonal
293 | 33 19] 2,741 33.228 2.604 (0012 | Tetragonal
41.001 2.200 41.010 2199 [316 | Tetragonal
50.101 1.769 50.039 1.821 |413 | Tetragonal
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2. Surface Morphology: To study the surface morphology of the film, scanning electron
microscopy is the most suitable technique. It gives microscopic information on the
surface topography.

Figure 2: SEM micrographs of In,Sz thin film

Figure 2 shows the surface micrographs of In,S;3 thin film, the deposited films
were well-covered, homogeneous, dense, continuous, and compact with no cracks or
voids Tiny grains were observed which may be the results of the quick crystallization
between the precursors during the film drying. The average grain size was found to be
47.61nm.

3. Optical Properties: For the determination of the optical properties of In,S; thin films,
Perkin Elmer (Lambda 25 UV-VIS spectrophotometer) was utilized in the wavelength
ranging from 300nm to 1100nm. Figure 3 shows the graph plotted between variations of
optical absorption versus wavelength.

10

Optical Absorption (%5)
- L+ ) ]

W

300 S00 700 900 1100
Wavelength (nm)

Figure 3: Variation of optical absorption vs. wavelength for spray deposited In,S; thin film

The graph of (ahv)? versus photon energy (hv) plotted for direct transition (Figure
4) and optical bandgap was determined using the formula,

ohv = A(hv — Eg)"--------- (2)
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“Where “hv” denotes the energy of a photon, “Eg” represents bandgap energy,
and “A” and “n” are constants. As we know, the values of n = 1/2 for direct allowed
transitions, n = 2 for indirectly allowed transitions, and n = 3/2 for directly forbidden
transitions.” [26]
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Figure 4: Plot of (¢hv)? versus hv for spray deposited 1n,S; thin film

From above Figure 4, direct transition is observed with a bandgap of 2.80 eV,
hence we can say that In,S; is a wide bandgap semiconductor material due to which they
may be used for making high temperatures and high-power operated devices.

4. Electrical Properties: The electrical properties of materials are the ability to conduct
electrical current. Electrical properties are further separated as the resistivity of the
material, the conductivity of the material, the temperature coefficient of the material,
material dielectric strength, and thermoelectricity. “The two-probe method is one of the
standards and most commonly used methods for the measurement of resistivity for very
high resistive samples like sheets/films of polymers” [26]. From Figure 5, we say that the
|-V characteristics obtained are linear in nature.

Figure 5: I-V characteristics of spray deposited In,Ssthin films
By varying the temperature from 303K to 483K the relation between resistivity

with temperature for In,S; thin films was studied. It was observed that an increase in the
temperature is indirectly proportional to resistivity which shows the semiconductor
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behavior of the material [14]. At room temperature, the value of electrical resistivity is
10* Q cm, which was found to be closer to the values reported [2, 23, 27] while the value
of resistivity reported by M. Kundakci et.al [28] and R.Yoosuf et.al [29] is greater than
that of the deposited film which may be due to deposition temperature and thickness of
the film.

Figure 6: Variation of Log of resistivity with 1/T for spray deposited In,Ssthin film

The electrical conductivity in the as-deposited thin film may be due to thethermal
excitation of electrons, present impurities, and lattice defects or may be due to the
influence of the utilized deposition methods, the temperature of the substrate, film
thickness, and cationic and anionic concentrations.

Figure 6 shows the graph between the log of resistivity with (1/T). The thermal
activation energy was calculated by,

b

Where “p” denotes resistivity, “po” is a constant, and Boltzmann constant “k”.
From the calculations, the activation energy (Eg)was found to be 0.063 eV which also
shows the dependence on the deposition process and deposition temperature.

hermo-anf (mV

Figure 7: Variation of thermo emf (mV) with temperature difference for spray deposited
In,Ssthin film
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Thermo-electric power (TEP) was evaluated in the current investigation as a
function of temperature in the range of 304-483K (Figure 7). The polarity of the
thermoelectric voltage indicates that the films exhibit n-type conductivity, which is in
good agreement with the findings that have been reported [10, 30].

IV. CONCLUSION

We conclude that, indium sulfide (In,S3) films were grown by spray pyrolysis
technique on glass substrates. The films are nanocrystalline with tetragonal lattice having
preferred orientation (2 0 6) and exhibit a direct bandgap of 2.80 eV. The as-deposited films
have electrical resistivity ranging to 10* Qcm. The In,S; thin films are having n-type
conductivity which was confirmed by thermo-emf studies. This amalgamated alloy
compound might be ecologically pleasant and appropriate as a potential buffer layer in the
manufacturing of heterojunction solar cells due to which we can achieve greater efficiency at
an economical cost and which may also be useful in optoelectronic devices in the future.
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