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Abstract

CrossMark

In the present study, the effect of annealing and Ar-plasma treatment on structural,
morphological and optical properties of thermally evaporated 8-In,S; thin films has been

investigated. During Ar-plasma treatment, some interesting results were observed that an array of
metallic indium nanostructures was formed over In,S; film surface with quasi-spherical or
spread droplet shapes of an average size of 20-100 nm in the lateral direction and a height of less
than 70 nm. Here, the Ar-plasma treatment serves as a new strategy for the self-formation of
metallic indium nanostructures over the film surface. Further, the optical absorption of In,S;
films has been enhanced from 10* to 10’ cm ™! while the optical band gap energy decreased from
2.71eV to 2.50 eV after Ar-plasma treatment. The metallic nanostructures loaded on
semiconductor surface can act as an electron trap that can effectively prevent the recombination
of photo-generated electron-hole pairs.

Keywords: In,S; thin films, annealing, argon plasma, indium nanostructures, physical properties
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1. Introduction

Indium sulphide (In,S3) is one of the potential materials used
for photovoltaic and photocatalytic applications due to its
optimal direct band gap energy (2.1 eV-2.7 eV), high optical
absorption coefficient, n-type conductivity, high photo-
conducting and eco-friendly nature [1-3]. 5-In,S; has defect
spinel structure (cubic or tetragonal), in which cubic £-In,S;
has disordered indium vacancies, whereas tetragonal (-In,S3
has ordered vacancies. The disordered vacancies of cubic
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(-In,S3 can act as electron traps and hence drive the photo-
catalysis process [4, 5].

Metallic nanostructures have ability to produce surface
plasmon resonance (SPR) which is an effective way to
improve the light trapping mechanism in optoelectronic
devices. Plasmonic nanostructures composed of noble metal
nanoparticles (e.g., Ag, Au and Pt) have been widely
employed in a large range of applications, such as solar cells
[6-8], photocatalysts [9, 10], light emitting diodes (LEDs)
[11, 12], photoelectrochemical (PEC) cells [13] and photo-
detectors [14] due to the high density of electrons. However,
due to the scarcity and high cost of noble metals, researchers
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showed much interest in plasmonic materials composed of
non-noble metal nanoparticles (e.g., Cu, In, Sn and Al) [15].
In the present work, we observed the formation of metallic
indium nanostructures on the [3-In,S; film surface during Ar-
plasma treatment. The semiconductor photoelectrodes deco-
rated with certain metal nanoparticles is an effective route for
enhancing the photo-generated charge carrier separation.
Usually, the metal nanoparticles have lower Fermi energy
than the semiconductors, so that it can boost the electron
transfer mechanism through Schottky contact. Consequently,
the lifetime of photogenerated charge carriers can be exten-
ded. Wang er al [16] prepared Cd/CdS photocatalyst by
chemical methods and observed that metal Cd can act as co-
catalyst loaded on the CdS. In their study, Cd/CdS photo-
catalyst effectively reduced the recombination of photo-
generated charge carriers.

Plasma treatment is an effective way to modify the
physical and chemical properties of the material surface.
Since the penetration depth of the ions of plasma into the
sample is only a few nanometers, hence the surface properties
of the materials can be immensely enhanced. Particularly,
radio frequency (RF) plasma systems have ability to treat the
surfaces more homogenously than other systems. During
plasma treatment, high energetic Ar ions bombard the sample
surface and break the existing chemical bonds between the
surface atoms and induce the sputtering of lighter atoms from
the material surface, leading to a change in its characteristic
behaviour compared to untreated material.

The aim of the present work is to make a comparative
study on the physical properties of In,S; thin films between
Ar-plasma treated and untreated films. Initially, 8-In,S; thin
films were deposited using thermal evaporation technique and
the as-deposited films were annealed in sulphur ambient.
Later, the sulphur annealed films were treated with argon (Ar)
plasma using RF inductively coupled plasma (ICP). Further,
the structural, morphological and optical properties of these
plasma treated films were studied and compared with
untreated films. Through our studies, it is observed that the
Ar-plasma treatment is a new strategy for the self-formation
of metallic nanostructured arrays over In,S; film surface.

2. Experimental details

2.1. Deposition and plasma treatment conditions of In,S3 films

In the present work, In,S; thin films were deposited on glass
substrates using vacuum thermal evaporation (HHV BC 300
model) technique at a substrate temperature of 300 °C with
the film thickness of 500 nm. Here, In,S; powder (Sigma
Aldrich 99.999% purity) was used as source material and
evaporated at a rate of 15 A s, Secondly, the as-deposited
films were annealed under sulphur ambient at 7, = 250 °C for
an hour. Further, these annealed films were treated with argon
plasma for duration of 30 s using radio frequency inductively
coupled plasma (RF ICP) at a radio frequency of 13.56 MHz
with RF power of 800 W. At a RF bias power of 100 W, the
average ion energy was 75eV. During UV glow of argon

plasma irradiation, the argon gas flow and pressure were
maintained at 10 sccm and 0.07 Pa respectively.

2.2. Characterisation techniques

The elemental analysis of In,S; films was studied by energy-
dispersive spectroscopy (EDS) with the aid of an INCA
Energy attachment (Oxford Instruments). To analyse the
surface morphological properties of the films, Hitachi S-4800
and Supra 40 scanning electron microscopes (SEM) were
used. The structural properties of In,S; films were studied by
using Ultima IV x-ray diffractometer (Rigaku) in grazing
incidence x-ray diffraction (GIXD) geometry at 1 degree of
incident x-rays with CuK, radiation source (A = 1.5418 A)
scanned in the range of 10° to 80°. The Raman (Raman
scattering) spectra were recorded with a Nanofinder High End
spectrometer (LOTIS TII) at room temperature. For the
excitation source, we used a solid-state laser emitting at a
wave length of 532 nm. Optical power was attenuated down
to 200 W to minimise the thermal impact on the samples.
Incident beam was focused on the sample surface with a
100x Olympus lens (NA = 0.95), spot diameter was 0.7 pm.
Backscattered light was dispersed on a 600 lines mm ' dif-
fraction grating with a spectral resolution better than 3 cm ™'
and detected using a thermostated CCD matrix with a signal
acquisition time equal to 60 s. The transmission and specular
reflection (at 8°) spectra of the films were measured using a
Photon RT spectrophotometer (Essent Optics) with spectral
resolution better than 4 nm using unpolarised light.

3. Results and discussion

3.1. Morphological studies

Figure 1 shows the SEM micrographs of In,S; films. From
SEM pictures, it is observed that the film surface was covered
with irregular shaped grains for as-deposited films. After
annealing, the surface of the films was distributed with large,
granular structured grains with well-defined grain boundaries.
Moreover, it is observed that the grain size was increased due
to the recrystallisation of the films during annealing process in
sulphur atmosphere. In case of plasma treated films, an
ensemble of nanodroplets are typically formed that are iso-
lated from each other on the surface of the films. During
plasma irradiation, as a result of the processes of ion-plasma
sputtering of indium sulphide molecules and subsequent
deposition of indium atoms on the surface, an ensemble of
quasi-spherical or spread droplet shaped nanoparticles are
formed (Inset figure 1(c)). The nanodroplets had a size of
20-100 nm in the lateral direction and a height of less than
70 nm. The proofs of the metallic nature of these droplets will
be considered in the following sections while analysing the
results of EDS and GIXD studies.

3.2. EDS analysis

The elemental composition of In,S; films was studied by EDS
and the atomic percentages of ‘In’ and ‘S’ in the films are
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Metallic indium
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Figure 1. SEM images of In,S; films (a) as-deposited, (b) T, = 250 °C and (c) plasma treated films [Inset figure taken at a tilt of 70°].

given in table 1. From table 1, it is observed that the as-
deposited films are sulphur deficient. This is due to high
volatile nature of sulphur, the atoms get re-evaporated from
the films at such higher substrate temperatures. In the
annealed films, the sulphur content is increased because of
rapid reaction of sulphur vapours with indium during
annealing process in sulphur atmosphere. Moreover, indium
to sulphur (In/S) ratio in the films was observed to be
increased from 0.65 to 1.34 after plasma treatment (see
figure 2). This result is explained by the fact that the indium
sulphide film surface treated with argon ions of energy
100eV leads to sputtering process of the material at an
average rate of 7nms~'. According to [17], the sputtering
products of indium sulphide films are In,S and S, molecules,
which dissociate into indium and sulphur atoms as a result of
exposure to plasma radiation. In this case, the metal atoms are
re-deposited on the surface of the film, and the volatile
chalcogen atoms leave the sputtering zone. As a result,
indium nanodrops are formed on the surface of the In,S; film.
Since the EDS method information is taken both from the
volume of the film and from the surface, the increase in the
In/S ratio after plasma treatment does not contradict the
hypothesis of the formation of indium nanodrops on the
surface.

Figure 3 shows the schematic representation of formation
of indium nanoparticles on In,S; film surface during Ar
plasma treatment. When In,S; layer is exposed to Ar plasma,
the bombardment of argon ions involves the physical sput-
tering of surface material [19]. Here, two factors were
involved during sputtering process: (i) The film surface

Table 1. EDS elemental analysis of In,S; films.

Atomic content (%)

In S In/S
Bulk [18] 40.20 59.80 0.67
As-deposited 48.73 51.27 0.95
T, = 250°C 39.50 60.50 0.65
After plasma treatment 57.44 42.56 1.34

lat.% [in/s |

Energy [keV]

Figure 2. EDS spectrum of In,S; films after plasma treatment.

temperature reached to 230 °C in 30's, which is greater than
the melting point of indium (150 °C) [20] and (ii) presence of
highly intensive UV glow of Ar plasma. Owing to these two
factors, the surface of In,S; layer was dissociated into indium
and sulphur and due to the highly volatile nature of sulphur, it
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Figure 3. Schematic representation of formation of indium nanoparticles on In,S; film surface upon Ar plasma treatment.

escaped from the reaction zone. Finally, metallic indium
settles on the film surface as liquid nanodroplets. Similar
dissociation process of In,S3 into indium and sulphur was
observed by Rodriguez et al [17] when the films were treated
with nitrogen plasma. The formation of metallic indium
nanostructures over In,S; film surface can effectively prevent
the photo-corrosion of In,S; by reducing the rapid oxidation
of S* ions during the photocatalytic reaction process in an
aqueous solution.

3.3. Structural studies

Figure 4 shows the GIXD patterns of In,S; films. For the as-
deposited films, the diffraction peaks observed at
260 = 24.96°, 32.83°, 38.69° and 46.36° are corresponding to
respective (300), (400), (421) and (521) planes of cubic
B-In,S3 phase (JCPDS: 32-0456) and (300) plane stands as
preferred orientation. Along with these peaks, some minor
peaks at 26 = 17.02° and 18.67° corresponding to (112) and
(105) planes of tetragonal [3-In,S; phase (JCPDS 73-1366)
are observed, which is representing the mixed structural phase
of the as-deposited films. After annealing the films, the tet-
ragonal phase related planes disappear and the intensity of
cubic peaks gets increased due to recrystallisation of the films
with (111) plane as preferred orientation. Here in plasma
treated In,S; films, the GIXD patterns resemble the same as
annealed films but interestingly a small peak of (110) plane
related to elemental indium (In) (JCPDS 05-0642) was
observed, which supports the presence of metallic indium
nanoparticles over In,S; layers as mentioned in the above
SEM analysis. In literature, Fu ef al [21] and other research
groups [22-25] observed and reported the benefits of cubic
(-In,S; phase rather than tetragonal (-In,S; phase for
hydrogen production and stated that the cubic (-In,S3 phase
has stable photocatalytic activity.

The Raman spectra of In,S; films before and after plasma
treatment are presented and compared in figure 5. The Raman
spectra of as-deposited films showed certain broad peaks at
98cm ', 125¢cm ™!, 166 cm ™!, 266 cm™ ! which are related to
the vibrational modes of (3-In,S3 phase. In case of annealed

After plasma treatment

(111)

#In

Intensity, a.u.

20 (degree)

Figure 4. GIXD patterns of In,S; films [“In represents elemental
indium].

films, many sharp peaks are observed at 72cm ™', 92cm ',
102ecm™', 113em™', 135ecm™', 164cm™', 176cm™’,
245cm™ !, 264 ecm™!, 306 cm™!, 326 cm ™! and 365 cm ™! that
are related to 3-In,S3 phase and are consistent with the pre-
vious literature [26—29]. The Raman active modes observed at
245 cmfl, 306 cm ™! and 365 cm ™! are assigned to A;, mode,
while those at 113cm™!, 176cm™! and 326cm™' are
assigned to F,, mode and that at 264 cm ! is assigned to E,
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Figure 5. Raman spectrum of In,S; films (a) As-deposited, (b)
T, = 250 °C and (c) plasma treated films.

mode of 5-In,S; phase [30]. For plasma treated films, weakly
expressed peaks of low intensity are observed in the Raman
spectrum. Some of the peaks can be attributed to the §-In,S;
phase (75 cmfl, 102 cmfl, 126 cmfl, 165 cmfl, 206 cmfl,
239cm™', 260cm™', 360cm™' and 365cm™'), a small
(about 5 cmfl) shift of some peaks to the region of lower
Raman shifts can be explained by the greater disorder
(defectiveness) as a result of plasma exposure. The spectrum
also shows peaks in the region of 125 cm™!, 206cm™!,
289 cm ™', comparable in intensity with the peaks of 3-In,S;
phase. The lines in the range of 206 cm ' and 289 cm ™! are
referred to as inactive in Raman but active in IR; their pre-
sence in the spectrum can also be explained by disordering of
the film structure, as a result of which the forbiddances are not
fulfilled [27]. Moreover, two small peaks were observed
additionally at 461cm ' and 475cm™' in plasma treated
films. Here, the peak present at 475cm ™' is related to S-S
mode of elemental S [31]. The peak at 461 cm ™! can also be

attributed to vibrations of sulphur atoms. As stated in [32], the
peak at 473cm~' with a shoulder peak at ~467cm ™'
represents S-S bond stretch in the a-S8 ring structure. The
article also says that with increasing temperature, the ring
structures are destroyed and sulphur polymerises, as evi-
denced by the peak in the region of 461 cm™'. However, this
peak is observed at a temperature of 160 °C, when sulphur is
in the liquid phase. In our case, since measurements were
carried out at room temperature, the peak at 461 cm ™' rather
refers to the ‘deformed’ «-S8 ring, since both lines are
slightly offset from the values given in the article.

The inset figures show the AFM images of In,S; films
and table 2 below shows the various roughness parameters
obtained from the typical AFM data. The surface roughness
of the annealed layers was found to be higher than that of the
as-deposited layers. The skewness for as-deposited and
annealed layers changed from 0.41 to 0.18 and the films had
positive skewness, indicating that the films had greater
number of peaks than valleys on the surface. Whereas plasma
treated films had negative skewness which indicates larger
number of valleys than peaks on the surface. Moreover, all
the films showed leptokurtic nature (kurtosis value is >3).

3.4. Optical studies

Figure 6 shows the optical transmittance and specular
reflectance spectra of In,S; films. Some significant changes
were observed in optical transmittance and reflectance of the
films upon plasma treatment. The optical transmittance is
greatly enhanced to 80% for annealed films compared to as-
deposited films. In case of plasma treated films, the optical
transmittance is drastically decreased to 15% and reflectance
is slightly increased. Since the indium nanostructures are
formed over the semiconductor film surface, they partially
reflect the incident light in addition to absorption in the bot-
tom semiconductor layer. Therefore, the film is converted
from highly transparent film to a light absorber upon plasma
irradiation. This type of material can serve as a potential
photo-anode for PEC cells for effective production of
hydrogen. Gonzalez et al [33] also reported such decreasing
trend in optical transmittance of CdS thin films upon Ar-
plasma treatment.

The optical absorption coefficient (o)) was calculated by
the following equation [34]:

L, J( = R* + 4TR> — (1 — R)?
— In
t 2TR?

.M

where ¢ is the thickness of the films (~0.5 ym), T and R are
the transmittance and reflectance, respectively. Figure 7

Table 2. AFM parameters of In,S; films.

Roughness parameters

As-deposited

T, =250°C  After plasma treatment

Root mean square (nm) 12
Roughness average (nm) 8
Skewness 0.41

Kurtosis 8.9

17 10
13 8
0.18 —0.49
33 35
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Figure 6. (a) Transmittance and (b) reflectance spectra of In,S; films.
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shows the variation of optical absorption coefficient with
incident wavelength for In,S; films. Here, the optical
absorption has been enhanced by order of three (from ~10* to
~10” em™") for plasma irradiated films due to the presence of
indium nanostructure that can enhance the optical path length
inside the In,S; layer and effectively trap the incident light.
Consequently, the light absorption of the In/In,S; nanos-
tructure hybrid was increased. Wang et al [10] observed high
optical absorption in the ZnSe nanoribbon/single layer gra-
phene Schottky junction by incorporating the hexagonal
plasmonic indium nanoparticles. Cansizoglu et al [35]
observed that indium sulphide nanorod arrays prepared by
glancing angle deposition technique have high optical
absorption (~ 96% for <500 nm) compared to conventional
thin films (~79%). Rouf et al [36] numerically studied the
light trapping mechanism in thin film Si solar cells and
observed that the device performance was improved by
integrating the indium nanoparticles at front and/or rear
surfaces of solar cell compared to the gold nanoparticles.
Figure 8 shows the Tauc plots of In,S; films. The optical
energy band gap (E,) of the films was obtained from (ahvy?
versus hv graph by extrapolating the linear portion of the plot
onto hv axis. It is observed that the optical energy band gap of
In,S; films was enhanced from 1.90eV to 2.71eV after
annealing. This increment in band gap energy is due to the
improvement in the crystallinity with reduced defects [37].
After Ar-plasma irradiation, the value of E, decreased from
2.71eV to 2.50eV. A slight decrease in the band gap width
after plasma treatment can be attributed to the well-known
fact of an increase in the number of defects in the crystal
lattice of a thin film during ion bombardment. Rodriguez et al
[17] also observed the decrement in E, values for N, plasma
treated In,S; films. Similar types of observations were
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Figure 8. Tauc plots of In,S; films.

reported for heavy ion irradiated chalcogenide semi-
conductors by researchers in literature [38—40]. They reported
that the decrease in band gap energy of the films is due to the
presence of shallow defect levels near the conduction band.

The disorders in the crystal lattice of In,S3 films were
further analysed by Urbach energy (Ey) calculations follow-
ing the empirical equation [41]:

hv
a = qp exp(EU), )
where o is a constant.

Figure 9 shows the linearisation of In(«) versus hv plot of
In,S; films, from which the inverse slope of the plot gives the
value of Ey;. The lower value of Ey; was obtained for annealed
films, indicating the presence of less structural disorders and
density of localied states in the layers.

4. Conclusion

The present study describes the structural, morphological and
optical properties of Ar plasma treated In,S; thin films and
the results were compared with as-deposited and annealed
films. From SEM micrographs, the surface of annealed films
was distributed with large, granular structured grains with
well-defined grain boundaries. In case of plasma treated films,
an ensemble of indium nanodroplets are typically formed on
the surface of the films. From EDS analysis, the indium to
sulphur (In/S) ratio in the films was observed to be increased
from 0.65 to 1.34 after plasma treatment. The GIXD analysis
revealed that the films had cubic (-In,S; phase for both

Inc (cm™)

| —O— Plasma treated - £, =700 meV
4 —0— T =250°C - E =173 meV
—O— As-deposited - £ ,=849meV

T L T L T ¥ T

1.0 15 20 25 3.0 35
hv (eV)

Figure 9. Plot of In(a) against photon energy (hv) for In,S; films.

annealed and plasma treated films. From Raman spectra, the
Raman modes were related to (3-In,S3 phase for all the films.
Further, the transmittance of In,S;5 films was greatly reduced
and optical absorption was enhanced after plasma treatment.
The optical energy band gap of the films was enhanced from
1.90eV to 2.71 eV after annealing whereas after Ar-plasma
treatment, the energy band gap decreased from 2.71eV to
2.50 eV. The structural disorders in the crystal lattice of In,S;
films were further analysed by Urbach energy and the lower
value of E; was obtained for annealed films. In addition, the
formation of metallic indium nanostructure over In,S; film
surface was the important feature observed after Ar-plasma
treatment. The metallic indium nanoparticles loaded on In,S;
film surface can form a Schottky barrier, which acts as an
electron trap that can effectively prevent the recombination of
photo-generated electron-hole pairs. The plasmon induced
charge separation in the region of semiconductor/metal
interface is more beneficial for the optoelectronic devices.
Moreover, the indium nanostructure can serve as catalyst for
vapour-liquid-solid growth of different semiconductor
nanostructures over indium sulphide films. Hence, Ar-plasma
treatment can be an effective way to form a self-nanostructure
for chalcogenide materials.
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