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ence dependent 120 MeV Ag swift
heavy ion irradiation on the changes in structural,
electronic, and optical properties of AgInSe2 nano-
crystalline thin films for optoelectronic
applications

R. Panda, *a S. A. Khan,b U. P. Singh,c R. Naik*d and N. C. Mishraae

Swift heavy ion (SHI) irradiation in thin films significantly modifies the structure and related properties in

a controlled manner. In the present study, the 120 MeV Ag ion irradiation on AgInSe2 nanoparticle thin

films prepared by the thermal evaporation method and the induced modifications in the structure and

other properties are being discussed. The ion irradiation led to the suppression of GIXRD and Raman

peaks with increasing ion fluence, which indicated amorphization of the AgInSe2 structure along the

path of 120 MeV Ag ions. The Poisson's fitting of the ion fluence dependence of the normalized area

under the GIXRD peak of AgInSe2 gave the radius of the ion track as 5.8 nm. Microstructural analysis

using FESEM revealed a broad bi-modal distribution of particles with mean particle sizes of 67.5 nm and

159 nm in the pristine film. The ion irradiation led to the development of uniform particles on the film

surface with a mean size of 36 nm at high ion fluences. The composition of the film was checked by the

energy dispersive X-ray fluorescence (EDXRF) spectrometer. The UV-visible spectroscopy revealed the

increase of the electronic bandgap of AgInSe2 films with an increase in ion fluence due to quantum

confinement. The Hall measurement and EDXRF studies showed that the unirradiated and irradiated

AgInSe2 films have n-type conductivity and vary with the ion fluence. The changes in the films were

tuned with different ion fluence and are favorable for both optical and electronic applications.
1. Introduction

The response of materials to intense excitation, such as high
temperature, high pressure, or particle irradiation, is of
considerable interest both for fundamental studies and tech-
nological applications. These excitations can modify the struc-
ture and many other properties of the material, which can
provide new functionalities and hence make the material useful
for many applications. Among the different post-deposition
excitations employed for modications of materials in thin
lms, irradiation by energetic ions with energies more than 1
MeV amu is unique owing to its capability to instantaneously
deposit very high energy density in a highly localized columnar
region of a few nm radius and a few tens of micrometer length
along the ion path in the material.
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Present accelerators can deliver particles with an energy
ranging from a few keV to several hundreds of GeV, and
depending upon the energy imparted to the materials, ion
beams obtained from these accelerators are classied into two
types. The low-energy ion beams have an energy ranging from
a few keV to a few hundreds of keV, which lose energy in their
passage through elastic collisions with the atoms of the mate-
rial. The second type of ion irradiation is the swi heavy ions
(SHI), which are positively charged ions with large atomic mass
and hundreds of MeV energy. When these ions pass through the
material medium, they interact with electrons and with nuclei,
possibly also with the medium as a whole. Generally, the
interaction of SHI withmatter results in the transfer of energy of
the incident ions to the electrons since the velocity of the ions
can be – Bohr velocity of electrons. The ions thereby modify the
structural, electrical, optical, optoelectronic, transport, and
many other properties of the materials.1 The SHI traversing
through a material loses energy mainly through two nearly
independent processes: (i) elastic collisions with the target
nuclei and (ii) electronic excitation and ionization of the target
atoms.2 The rst process is called the nuclear energy loss,

Sn ¼
�
dE
dx

�
n
, which dominates at low ion energies (keV amu�1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and leads to atomic displacements through direct elastic knock-
on process.3–5 The second process is called the electronic energy

loss, Se ¼
�
dE
dx

�
e
that prevails for SHI and creates signicant

atomic rearrangements in various types of materials by trans-
ferring energy from the excited electrons to the lattice atoms
along the path of the ions.6–9 In the case of crystalline materials,
when the value of Se exceeds a threshold value, Seth i.e., Se > Seth,
the electronic energy loss process leads to the formation of an
amorphous latent track along the ion trajectory. The Seth is
material dependent, and if Se is less than Seth, some additional
defects may appear, and sometimes the pre-existing defects may
anneal out.10,11

From previous studies, Ag ions are mostly used for irradia-
tion to obtain signicant results, which are benecial for many
elds including antibacterial application and photo-catalytic
performance, photonic crystals, surface coatings, and
enhancing solar cell efficiency.12,13 Hence, we have preferred Ag
ion instead of other ions for implantation as silver diffuses
easily into chalcogenide materials.

One of the prominent members of the I–III–VI chalcogenide
family of semiconductors is AgInSe2, which has found extensive
applications in many areas like photovoltaics,14 preparation of
Schottky diodes,15 optoelectronic device as hetero-junction,16

non-linear optical devices,17 light emitting and detecting
devices,18 solar cell absorbing material,19 etc. Most of the
applications of this material are realized in its thin lm form.
The material modication by various external energy sources
like laser irradiation,20 thermal annealing,21 g irradiation,22

proton irradiation,23 etc. brings signicant changes in their
optical as well as structural properties. Though SHI irradiation
has been extensively used for the modication of thin lms of
a variety of materials, only a few studies have been undertaken
on SHI induced effects in AgInSe2 lms.24–26 In one study,
Pathak et al. reported the formation of AgInSe2 nanorods under
200 MeV Ag ion irradiation at a uence of 5 � 1011 ions per
cm2.24 In another study, the same authors reported unexpected
complete damage of the chalcopyrite structure of AgInSe2 at
extremely low ion uences (5 � 1010 ions per cm2).25 In the
present study, we have tried to observe the modication by 120
MeV Ag ion at uences (i) 1 � 1011 ions per cm2, (ii) 1 � 1012

ions per cm2 and (iii) 1 � 1013 ions per cm2 in which two u-
ences are higher in order. We have reported that each 140 MeV
Ni ion traversing the AgInSe2 medium creates two structural
modications: (i) an amorphous column of 1.6 nm radius along
the ion path and (ii) a radially compressed crystalline column of
8.2 nm radius surrounding the amorphous column.26 However,
the optical and electronic modication due to structural change
by the SHI irradiation at different uences is not investigated in
AgInSe2 lms.

In the present work, we have examined the 120 MeV Ag ion
irradiation-induced modications on the structural, electrical,
and optical properties of AgInSe2 nano-crystalline thin lms
grown on glass substrates by the thermal evaporation method.
The irradiation was done at three different uences in order to
investigate the uence dependent change in the properties. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
structural transformation was studied through grazing inci-
dence X-ray diffraction (GIXRD) and Raman spectroscopy. The
morphological change was analyzed by eld emission scanning
electron microscopy (FESEM). The compositional check was
carried out by Energy Dispersive X-ray Fluorescence (EDXRF)
spectrometer. The optical study was done by the UV-visible
spectrometer that revealed the increase in the optical
bandgap. We also demonstrated that the particles on the
surface of the pristine lms with wide distribution in their size
develop into uniform size particles of much smaller size in the
irradiated lms with an associated increase of bandgap due to
quantum connement. The Hall measurement study was done
to measure the conductivity of the lms.

2. Experimental procedure

Thin lms of AgInSe2 were deposited on glass substrates by the
thermal evaporation method from the bulk target. The bulk
synthesis involved the melt quenching of a mixture of highly
pure Ag (99.99%), In (99.9%), and Se (99.95%) powders in
stoichiometric proportions (1 : 1 : 2) taken in a quartz ampoule,
which was evacuated at a pressure of 10�5 torr and sealed. The
temperature of the quartz ampoule placed in a furnace was
slowly raised to 1000 �C and maintained at that temperature for
36 h with continuous rotational shaking of the ampoule to
ensure homogeneous mixing of the different constituent
elements in it. The powder in the ampoule melted as the
furnace temperature was higher than the melting temperature
of AgInSe2 780 �C. The melt was then quenched by dropping the
ampoule in ice-cooled water to obtain the target in the form of
an ingot for thin lm preparation. Thin lms of AgInSe2 were
deposited on a glass substrate by the thermal evaporation
method using a Hind High vacuum coating unit (Model-
12A4D). The substrate was initially cleaned with a detergent
solution and then ultrasonically cleaned with distilled water
and acetone. The AgInSe2 ingot was placed in a molybdenum
boat kept about 15 cm below the substrate in a vacuum of �1 �
10�5 torr. The deposition was done at room temperature. The
lms thus developed had a thickness of �0.6 mm as measured
by the quartz crystal monitor attached inside the coating unit.
The as-prepared lms were annealed at 200 �C for 1 h in
a selenium atmosphere.

The annealed lms were irradiated by 120 MeV Ag ions using
the 15 UD tandem Pelletron accelerator at IUAC, New Delhi. The
ions bombarded the sample surface perpendicularly. For
uniform irradiation, an ion beam was made to scan 1 cm �
1 cm area of the sample surface. To prevent sample heating,
a thick copper ladder was used to mount the samples using
silver paste and a low ion ux, 4 (�1 � 109 ions per cm2 per S1)
was maintained. At this ux, the increase in temperature on the
sample surface during irradiation as estimated using Fourier
heat conduction equation27 was found to be below 5 K. Thus,
the beam heating effect can be ruled out to account for the
observed modications induced by ion beams. During irradia-
tion, the target ladder was placed inside a high vacuum
chamber (10�6 torr). The irradiation was done at three different
uences 1 � 1011, 1 � 1012, and 1 � 1013 ions per cm2.
RSC Adv., 2021, 11, 26218–26227 | 26219
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Structural characterization of the pristine and the irradiated
lms was carried out in GIXRD mode of a Bruker D8 advanced
X-ray diffractometer with Cu Ka (l ¼ 1.5401 Å) radiation source.
The incident angle of X-rays was kept at 2� with respect to the
sample surface. GIXRD patterns were recorded over the range of
2q from 20� to 55� in steps of 0.02� at a scan speed 1� per
minute. The transmittance spectra were recorded using a UV-vis
spectrophotometer (Bruker IFS 66v/S). Raman spectra of the
lms were taken using a HORIBA T64000 Raman spectrometer
with 514 nm radiation from a 10 mW argon ion laser at room
temperature. The microstructural and compositional charac-
terizations were done using the FESEM microscope (ZEISS
SIGMA-40 microscope) and EDXRF spectrometer (SHIMADZU-
7000), respectively. The electrical study was done by Hall
measurement using Ecopia HMS-3000 Hall measurement
system.
3. Results and discussion
3.1. Energy loss of 120 MeV Ag ions in AgInSe2 medium

To analyze the evolution of the AgInSe2 phase with 120 MeV Ag
ion uence, we have computed the irradiation parameters Sn,
Se, and range R of 120 MeV Ag ions in AgInSe2 and glass
substrate using SRIM code.28 Fig. 1 gives the variation of the Sn
and Se with depth as the 120 MeV Ag ions penetrate rst into the
AgInSe2 thin lm and then the glass substrate. The ions lose
energy along their path in the lm, and the substrate nally gets
implanted at a depth of about 14.2 mm in the lm. Fig. 1 also
shows that Se dominates up to a depth of 12 mm, beyond which
Sn increases and peaks at the end of the range before the
projectile ions get implanted in the glass substrate. Since the
implantation occurs far beneath the surface of the substrate,
the implanted ions do not contribute to the modications
induced in the lm. Further, the Se is about 180 times larger
than the Sn in the lm. Therefore, the modications induced
into the AgInSe2 lms is primarily due to the Se of 120 MeV Ag
Fig. 1 Variation of the electronic energy loss Se and the nuclear
energy loss Sn of 120 MeV Ag ions with depth as the ions traverse the
thickness of the AgInSe2 thin films.

26220 | RSC Adv., 2021, 11, 26218–26227
ions. The Se shows only a small decrease from 16.5 keV nm�1 to
16 keV nm�1 as the ions traverse the thickness (0.6 mm) of the
AgInSe2 thin lms and then a sudden decrease to 13.7 keV nm�1

as these enter the glass substrate. The Se induced modication
in the lm is thus uniform along the path of the projectile ions.
3.2. Compositional analysis of AgInSe2 thin lms by EDXRF

The EDXRF spectrum (Fig. 2) of AgInSe2 thin lms revealed the
presence of selenium, silver, and indium by their characteristic
Ka peaks at 11.20 keV, 22.10 keV, and 24.14 keV, respectively.
Analysis of the EDXRF spectra gave the concentration of these
elements in the ingot as well as in the lms made out of it by
thermal evaporation and then irradiated by 120 MeV Ag ions at
different uences (Table 1).

The ingot had a stoichiometric composition of Ag, In, and Se
in the ratio �1 : 1 : 2 corresponding to the AgInSe2 phase.
However, the lms, both pristine and the irradiated ones,
showed the off-stoichiometric composition of these elements
(Table 1) with very low Ag concentration compared to the
concentration of In and Se. The off-stoichiometry is not much
affected by 120 MeV Ag ion irradiation. The defect chemistry
model of ternary compounds29 gives the off-stoichiometry
parameter Dy (¼ [2Se/(Ag + 3In)] � 1) for the different
samples (Table 1). The parameter Dy is related to the electronic
defects. For the lms with p-type conductivity, Dy > 0 and that
with n-type conductivity, Dy < 0. The negative Dy in all our lms
indicates that these are n-type, as was conrmed by the Hall
measurement discussed later.
3.3. Structural analysis of AgInSe2 thin lms irradiated by
120 MeV Ag ions

The XRD spectrum of the AgInSe2 ingot, the lms made out of
the ingot, and that annealed and irradiated by 120 MeV Ag ions
at different uences are shown in Fig. 3a. The position and
relative intensity of all the peaks of the XRD spectrum of the
Fig. 2 The line scans of Se Ka, Ag Ka, and In Ka in the EDXRF spectrum
of pristine AgInSe2 thin film.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the constituent elements in AgInSe2 from EDXRF study

Sample Ag (atomic %) In (atomic %) Se (atomic %) Off-stoichiometry parameter Dy

Ingot 24.4 25.2 50.4 0.008
Annealed AgInSe2 7.686 38.112 54.202 �0.112
1 � 1011 ions per cm2 9.504 36.364 54.132 �0.087
1 � 1012 ions per cm2 10.604 34.246 55.150 �0.027
1 � 1013 ions per cm2 8.408 37.008 54.584 �0.086

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 7
:2

4:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ingot (Fig. 3a(i)) match with that of the polycrystalline AgInSe2
powder reported in the ICDD le (card no. 35-1099). The lm
deposited by thermal evaporation technique using this ingot as
the target did not show any GIXRD peak, which indicated its
amorphous structure (Fig. 3a(ii)). Earlier observations have also
conrmed the amorphous nature of the as-deposited AgInSe2
lms.30 Annealing at 200 �C for 1 h in selenium atmosphere led
to the development of a peak at 2q ¼ 25.51� (Fig. 3a(iii)), which
corresponds to the (112) peak of AgInSe2. Annealing at a very
low temperature of 200 �C formed the nano-crystalline AIS
Fig. 3 . (a) GIXRD spectrum of (i) AgInSe2 ingot, (ii) as-deposited film m
irradiation and 120 MeV Ag ion irradiated films at fluences (iv) 1 � 1011 io
Fluence dependent normalized area under the (112) peak of AgInSe2 thi

© 2021 The Author(s). Published by the Royal Society of Chemistry
phase. However, annealing at a higher temperature (250 �C)
formed all the peaks of AIS like Ag2Se (002, 120, 102, 121, 013)
and AgInSe2 (112), as reported in our earlier paper,31 but the
method of preparation was different (DC magnetron sputter-
ing). So, the Ag2Se peak not being present in the current sample
might be due to the preparation method (thermal evaporation)
and low annealing temperature (200 �C). In the present study,
we have taken this annealed lm as a reference to compare its
GIXRD spectrum with that of the lms irradiated by 120 MeV Ag
ions at different uences (Fig. 3a(iv–vi)).
ade out of the ingot, (iii) the film annealed at 200 �C for 1 h before
ns per cm2, (v) 1 � 1012 ions per cm2, and (vi) 1 � 1013 ions per cm2. (b)
n films (c) Raman spectra of pristine and irradiated AgInSe2 thin films.

RSC Adv., 2021, 11, 26218–26227 | 26221
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Irradiation of AgInSe2 lms by 120 MeV Ag ions led to
suppression of the intensity of its (112) peak with increasing ion
uence. The peak went below the noise level at the uence of 1
� 1013 ions per cm2. Suppression of the GIXRD peak with
increasing ion uence indicates 120 MeV Ag ion irradiation-
induced damage in the structure of the AgInSe2 thin lm,
while the peak disappearing at high ion uences indicates
amorphous track formation along the ion path.32–34 Though the
value of Seth for the creation of amorphized latent tracks in
AgInSe2 is not known as yet, our observation revealed its value
to be less than the Se (16.5 keV nm�1) of 120 MeV Ag ions, which
completely amorphized this compound at high ion uences. To
extract the radius of ion tracks, we have tted the uence versus
normalized area under the (112) GIXRD peak to Poisson
equation

A(4t) ¼ AN + (1 � AN)e�s4t (1)

Here A(4t) is the area under the (112) GIXRD peak at ion uence
(4t) normalized with respect to its value for 4t ¼ 0. AN is the
saturated value of the area at high ion uences (4t/N), and s

is the damage cross-section. Fitting of the variation of A(4t) with
Fig. 4 FESEM images of (a) pristine and (b) 1 � 1013 ions per cm2
fluence

and (d) histogram of 120 MeV Ag ion irradiated film at the fluence of 1 �

26222 | RSC Adv., 2021, 11, 26218–26227
4t (Fig. 4) to eqn (1) gave the value of s as 107 nm2. Assuming
cylindrical geometry, the radius r of the amorphized ion tracks
obtained from s ¼ pr2 is found to be 5.8 � 1.9 nm. The value of
AN similarly approaching zero at high ion uences (Fig. 3b)
clearly indicates that each 120 MeV Ag ion completely
amorphized AgInSe2 along its path, and at very high ion u-
ences, these amorphized columnar regions overlapped, leading
to complete loss of crystallinity.
3.4. Raman spectroscopy study

Raman spectroscopy is a nondestructive chemical analysis
method, which gives information about chemical structure,
phase, crystallinity, andmolecular interactions. It is based upon
the interaction of light with the chemical bonds within a mate-
rial. It is a technique in which the scattered light is used to
identify the vibrational modes of the sample. Fig. 3c shows the
Raman spectra of pristine and 120 MeV Ag ion irradiated
AgInSe2 thin lms. All the lms except the one irradiated at the
uence 1 � 1013 ions per cm2 exhibit a band at 146.9 cm�1,
which corresponds to the B2 mode of AgInSe2. B2 mode arises
due to the anti-phase motions between In and Se atoms of the
irradiated AgInSe2 thin films (c) histogram of AgInSe2 pristine thin films
1013 ions per cm2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chalcopyrite structure.35 This peak exists up to 1 � 1012 ions per
cm2 and disappears at 1 � 1013 ions per cm2

uence. The
disappearance of the Raman peak at high ion uences indicates
irradiation-induced amorphization. The Raman result thus
agrees with the GIXRD result. So, the present Raman study gives
information regarding amorphization and the presence of the
AgInSe2 phase.
3.5. Micro-structural analysis

Fig. 4a and b shows the FESEM images of the pristine AgInSe2
lm and that irradiated by 120 MeV Ag ions at a high uence (1
� 1013 ions per cm2). The minimum uence necessary for the
tracks of radius 5.8 nm (Fig. 3b) to cover the whole lm surface
is 9 � 1011 ions per cm2 assuming their non-overlap. Thus, at
the uence of 1 � 1013 ions per cm2, multiple overlaps of
amorphized ion tracks would occur, and the lm surface would
be completely amorphized. The FESEM images, therefore,
represent the surface topography of crystalline AgInSe2 in the
pristine lm and that in the amorphous state of the irradiated
lms. Both distinctly large and very small-sized particles are
Fig. 5 (a) Transmittance spectra of the as-deposited amorphous film, ann
and 1 � 1013 ion cm�2 (b) hn vs. (ahn)2 plot of pristine and irradiated A
bandgap of AgInSe2 by linear fitting of the oscillatory region. (c) Bandga

© 2021 The Author(s). Published by the Royal Society of Chemistry
present in the pristine lm. The histogram (Fig. 4c) revealed
a bi-modal distribution of particle size on the surface of this
lm. The mean particle sizes of this distribution were 67.5 nm
and 159 nm. Irradiation led to the complete disappearance of
the large particles, and the small particles became still smaller.
The surface of the irradiated lms was covered with uniform-
sized small particles of mean particle size of 36 nm (Fig. 4d).
The 120 MeV Ag ion irradiation has thus fragmented the crys-
talline grains of AgInSe2, as seen in a few other systems.27,36,37 In
addition, irradiation drastically reduced the width of the size
distribution of AgInSe2 particles, leading to the formation of
uniform size particles. These particles, as was revealed from the
GIXRD study (Fig. 3a), are amorphous.
3.6. Study of optical properties by UV-visible spectrometer

Fig. 5a shows the transmittance spectra in the wavelength range
of 550–1200 nm of the as-deposited lms annealed at 200 �C for
1 h and those irradiated by 120 MeV Ag ions at different u-
ences. The spectra exhibit interference fringes due to unifor-
mity in lm thickness.38,39 The as-deposited and the annealed
ealed film, and 120 MeV Ag irradiated film at fluences 1� 1011, 1� 1012,
gInSe2 thin films. The inset shows the extraction of the fundamental
p variation with fluence.
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lms before irradiation had the highest and lowest trans-
mittance, respectively (Fig. 5a). The as-deposited lm was
amorphous, where crystallization developed on annealing
(Fig. 3). The transmittance of the amorphous chalcogenide thin
lms has been shown to be higher than that in the crystalline
ones.40 The high transmittance in the as-deposited lm in the
present study seems to be associated with its amorphous
nature, which was reduced on annealing as crystallization
developed. 120 MeV Ag ion irradiation, as shown above,
amorphized the lms (Fig. 3a and 4b). Consequently, trans-
mittance increased in the irradiated lms (Fig. 5a).

The amplitude of oscillation interestingly did not follow
a monotonic variation with irradiation uence. It showed
a sharp decrease at the intermediate uence of 1� 1012 ions per
cm2 and then regained its initial value at high ion uences (1 �
1013 ions per cm2). The amplitude of oscillations directly relates
to the reection of the radiation from the surface of the lm and
the lm substrate interface and hence to their smoothness. In
addition to creating amorphous columns along their path,
irradiation by 120 MeV Ag ions is also expected to corrugate
these reecting surfaces and destroy their smoothness, as seen
in many SHI irradiated systems.41,42 At low ion uences, where
tracks do not overlap, these corrugations would be more due to
random protrusion of materials from the track region43 or even
due to materials sputtered out of the point of impact of the ions
on the surface.44,45 As a consequence, the amplitude of the
oscillation is reduced at the uence of 1 � 1012 ions cm�2,
where the surface will be highly roughened due to incomplete
overlap of ion tracks, leading to the reduced amplitude of
oscillations as observed (Fig. 5a). At the uence ten times higher
than this value, a complete overlap of ion tracks would lead to
the ow of materials and smoothening of the surface, as re-
ported,46–49 which would result in increased amplitude of
oscillations as observed (Fig. 5a).

The bandgap (Eg) was estimated from the absorption spectra,
which in turn was obtained from the transmission spectra
following the relation of the absorption coefficient (a) with
transmittance (T)50 for a lm of thickness ‘d’, as given below.

a ¼ 1

d
ln

1

T
(2)

The AgInSe2has three bandgaps, i.e., fundamental bandgap
(1.24 eV), spin–orbit splitting band gap (1.34 eV), and crystal
eld split band gap (1.6 eV).51 These were determined using the
Tauc relation52
Table 2 Hall measurement parameters of pristine and 120 MeV Ag ion

Sample Mobility (cm2 V�1 S�1) Hall coeffic

Pristine 32.54 �771
1 � 1011 ions per cm2 143.1 �7638
1 � 1012 ions per cm2 444.1 �9193
1 � 1013 ions per cm2 30.16 �7354

26224 | RSC Adv., 2021, 11, 26218–26227
ahn ¼ B(hn � Eg)
n (3)

where hn is the photon energy, B is a constant (Tauc parameter),
and n depends on the nature of the transition between the
valence band and conduction band. For indirect transition, n ¼
2 or 3, while for direct transition, n ¼ 1/2 or 3/2, depending on
whether they are allowed or forbidden, respectively. Since
AgInSe2 is a direct allowed band gap type semiconductor, eqn
(3) was best tted with n ¼ 1/2.

Extrapolating the best t to the Tauc plot hn versus (ahn)2 to
the energy axis for zero absorption coefficients, as shown in
Fig. 5b, gave the bandgap of the pristine AgInSe2 lm and those
irradiated at different 120 MeV Ag ion uences. The bandgap of
the pristine lm was found to be 1.58 eV. This value matches
with that due to crystal eld splitting of the uppermost valence
band.51 The uence dependence of the bandgap of AgInSe2
(Fig. 5c) clearly indicates its increase from 1.58 eV for the
pristine lm to 1.69 eV for the lm irradiated at the high uence
of 1 � 1013 ions per cm2. As stated above, the FESEM study
showed a decrease in particle size with increasing irradiation
uence (Fig. 4b). So, the observed increase of the bandgap at
high ion uences is a consequence of the quantum connement
observed in small size particles.53,54

The reported spin–orbit splitting band gap (1.34 eV) could
not be extracted in the present study due to the onset of inter-
ference fringes in this energy region. The presence of the same
interference fringes also did not permit a straightforward
determination of the fundamental bandgap from the absorp-
tion curves in the low-energy region. Had the surface not been
smooth, we would have a linear decrease of the absorption with
decreasing energy instead of the interference fringes. We,
therefore, did a linear tting of the region containing interfer-
ence pattern and extracted the bandgap from the intersection of
this line with the energy axis as shown in the inset of Fig. 5a as
discussed in our previous paper.30 This bandgap was found to
be 1.21 eV for the pristine lm, whichmatches with the reported
fundamental bandgap of 1.24 eV.55
3.7. Electrical conductivity by Hall measurement

The electrical parameters like Hall mobility (m), resistivity (r),
conductivity (s), and the carrier concentration (n) of AgInSe2
thin lms were determined by Hall measurement. These
parameters are given in Table 2. The negative sign of the Hall
coefficient indicates the n-type conductivity of lms. This result
agrees with the negative value of the off-stoichiometry param-
eter Dy (¼ [2Se/(Ag + 3In)] � 1) estimated from the EDXRF
compositional analysis. Fig. 6 represents the variation of the
irradiated AgInSe2 thin films

ient Conductivity (U cm)�1 Carrier concentration (cm�3)

4.507 � 10�3 8.646 � 1014

2.286 � 10�2 8.173 � 1014

2.680 � 10�2 6.790 � 1014

4.102 � 10�3 8.488 � 1014

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Variation of mobility and carrier concentration with 120MeV Ag
ion irradiation fluences.
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mobility and carrier concentration of the AgInSe2 lm with 120
MeV Ag ion irradiation uence. This gure shows the increment
in mobility with irradiation uence up to 1 � 1012 ions per cm2,
whichmay be due to the ionization induced recovery of intrinsic
defects during lm deposition processes and then mobility
reduced at a uence 1� 1013 ions per cm2, which may be due to
the accumulation of displacement-induced defects in the thin
lm.56 The electrical conductivity is proportional to the product
of mobility and carrier concentration in a material. In poly-
crystalline materials, generally, grain boundaries and conned
interface charges produce inter-grain band bending and
potential barriers.57 Electrons may be trapped in these potential
wells between grain boundaries and could not contribute to the
conduction mechanism. Upon irradiation, there is a signicant
rise in carrier concentration, and hence conductivity is
improved drastically. Since mobility is inversely proportional to
the carrier concentration, the variation in the carrier concen-
tration with uence is reversed as the variation of mobility with
uence. The Hall conductivity is directly proportional to the
Hall mobility and carrier concentration. Thus, at a low uence
regime, the improvement in conductivity enhanced the carrier
concentration and suppressed the same at high ion uence,
where amorphization sets in. The Hall coefficient is negative in
all the lms due to n-type conductivity because of electrons as
charge carriers.
4. Conclusion

Thermally evaporated AgInSe2 thin lms annealed at 200 �C
were irradiated by 120 MeV Ag ions at different uences. The
GIXRD study revealed the creation of amorphous latent tracks
along the path of 120 MeV Ag ions in the AgInSe2 thin lms.
Poisson's tting of the variation of the area under the GIXRD
peaks with ion uence gave the radius of the tracks as 5.8 nm.
The Raman spectroscopy of these samples also showed
irradiation-induced amorphization of AgInSe2 lms at high
uence. Microstructural analysis by FESEM indicated
irradiation-induced fragmentation of grains leading to uniform
© 2021 The Author(s). Published by the Royal Society of Chemistry
grain size distribution as compared to the large-sized particles
with widely varying particle size distribution in the unirradiated
lm. Conforming to the reduction of particle size in irradiated
lms, the UV-visible study indicated the increase in the elec-
tronic bandgap due to quantum connement in small-sized
particles obtained at high ion uences. Both the EDXRF and
Hall measurement studies indicated the n-type conductivity of
lms. The change in both optical and electrical parameters with
different ion uences is suitable for optoelectronic applications.
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